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ABSTRACT 
 
 
Assessment of Ruminal Fermentation Characteristics of Condensed Tannin-Containing 
Forages Using Continuous Cultures 
 
by 
 
 
Christina Marie Williams, Master of Science 
 
Utah State University, 2010 
 
 
Major Professor: Jong-Su Eun 
Department: Animal, Dairy, and Veterinary Sciences 
 
 
Two independent studies were conducted to assess the effects of feeding condensed 
tannin (CT)-containing forages to continuous cultures to evaluate their impacts on 
ruminal fermentation and digestibility, with an emphasis on methane (CH4) and 
ammonia-N (NH3-N) production. In Chapter 3, treatments consisted of: 1) 100% alfalfa 
hay (AH), 2) 50% AH and 50% birdsfoot trefoil hay (dry matter (DM) basis; AHBFTH), 
and 3) 100% birdsfoot trefoil hay (BFTH). Three replicated runs lasted 8 d each, with the 
first 5 d allowed for microbial adaptation to the diets, and 3 d for data collection and 
sampling. Methane, neutral detergent fiber (NDF) degradability, and total volatile fatty 
acid (VFA) production and profiles were not affected by the dietary treatments. However, 
NH3-N concentration and flow were reduced when replacing the AH with the BFTH. It 
was concluded that feeding a CT-containing diet (BFTH) increased the in vitro N 
utilization.  
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In Chapter 4, five total mixed ration (TMR) diets were evaluated, each containing a 
different forage source as hay: 1) alfalfa (AHT), 2) cicer milkvetch (CMVHT), 3) Norcen 
birdsfoot trefoil (NBFTHT), 4) Oberhaunstadter birdsfoot trefoil (OBFTHT), and 5) 
sainfoin (SFHT). Total VFA production and acetate molar proportion were not influenced 
by treatments. However, molar proportion of propionate increased by the CMVHT, and 
decreased by the SFHT. Acetate to propionate ratio decreased with the CMVHT and the 
OBFTHT, but increased with the SFHT when compared to the AHT. Digestibilities of 
DM and NDF were not influenced by dietary treatments. Total CH4 production decreased 
by all treatments when compared to the AHT, whereas CH4 production expressed as mM 
per g of NDF digested was reduced only by the CMVHT and the OBFTHT. Ammonia-N 
concentration decreased when feeding the CMVHT and the SFHT. Feeding the CMVHT 
decreased ruminal concentration of C18:0, while ruminal C18:1 cis and trans isomers 
were greatest with the CMVHT. Because these effective tannin-free and tanniniferous 
legumes did not have negative impacts on ruminal fermentation, they can maintain 
potential productive performance of lactating dairy cows when fed as main forage 
sources in TMR diets.   
 
 
 
 
 
 
 (102 pages)                                                                                                                                               
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CHAPTER 1 
INTRODUCTION AND THESIS OBJECTIVES 
INTRODUCTION 
The dairy industry is under ever increasing pressure from the public to improve 
environmental sustainability of dairy operations, while maintaining profitability and milk 
production. Nitrogen is of primary concern because of its ability to volatilize to ammonia 
(NH3) in the atmosphere and leach into water sources as nitrates (NRC, 2001). As much 
as 65 – 75% of the N consumed by dairy cows may be excreted via the feces and urine 
(Chase, 1994; Chandler, 1996). Van Horn et al. (1994) reported that 40-50% of N 
excreted from the animal is excreted in the urine, leading to large losses of NH3 to the 
environment. Methane (CH4) emissions are also of primary environmental concern 
because of the contribution to global warming, and enteric CH4 production from domestic 
ruminants has been identified as a major contributor to global CH4 emissions (Moss et al., 
2000). Nitrogen excretion and CH4 production from dairy cattle is greatly influenced by 
diet. Therefore, altering dietary formulation can have great impacts on environmental 
performance from dairy operations.  
Forages are an essential part of diets in dairy production. Forage quality affects feed 
intake and energy density, lactational performance, cow health, and feed cost. Dairy 
producers in the western US use alfalfa to make up the majority of the forage portion in 
dairy diets. Alfalfa is a very palatable legume that is high in protein and low in fiber, and 
feeding alfalfa maximizes intake and production of dairy cattle (Martin and Mertens, 
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2005). However, the protein in alfalfa is extensively degraded to NH3 in the rumen, 
resulting in excess N waste excretion.  
Condensed tannins (CT) are secondary plant compounds that can bind and protect 
protein, fiber, and carbohydrates from degradation in the rumen. Many studies have 
reported that feeding forages containing CT decreases ruminal protein degradation (Barry 
and McNabb, 1999; Min et al., 2003). These compounds form complexes with protein in 
the rumen, then dissociate under the acidic conditions of the abomasum, allowing the 
protein to be absorbed in the small intestine (Barry et al., 2001). This can result in 
increased N utilization and a shift in N excretion from the urine to the feces, potentially 
reducing NH3 emissions from manure (Woodward et al., 2009). Feeding CT have also 
been reported to reduce enteric CH4 emissions in several studies (Carulla et al., 2005; 
Animut et al., 2008), although results vary with source and concentration of CT 
(Beauchemin et al., 2007). The mechanism by which CT may reduce CH4 production is 
not well understood, although a reduction in ruminal protozoa and methanogens may be a 
main factor in the suppression of CH4 production (Animut et al., 2008).  
Several forages containing CT are well adapted to growing conditions in the western 
US, and show potential to be used for grazing or hay production (MacAdam et al., 2006). 
Birdsfoot trefoil (Lotus corniculatus L.; BFT), sainfoin (Onobrychis viciifolia Scop.) and 
cicer milkvetch (Astragalus cicer; CMV) are non-bloating forage legumes that are 
similar to alfalfa in feeding value. Birdsfoot trefoil and sainfoin contain CT, while CMV 
does not, although it possesses a unique plant structure that alters microbial digestion in 
the rumen. The rate of microbial digestion is decreased by the thick epidermal layers and 
vein pattern of the leaf (Lees et al., 1982). There has been very little research on the 
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effects these forages on ruminal fermentation and animal performance when used as hay 
and as components of typical western dairy TMR. The research discussed in this thesis 
evaluated the effects on microbial metabolism when feeding BFT as hay in a 100% 
forage diet, and also when feeding BFT, CMV, and sainfoin hays as part of a dairy TMR. 
The series of these in vitro studies shows that these forages have beneficial effects on N 
metabolism and CH4 production, while having no negative effects on microbial 
fermentation. Overall results in this thesis verify their potential for use in dairy diets and 
improvement of environmental performance of dairy operations. More research is needed 
to confirm the in vitro results using in vivo trials to further evaluate the potential use of 
BFT, CMV, and sainfoin in lactating dairy rations.  
 
 
THESIS OBJECTIVES 
 
 
 
The objectives of this thesis are to review the current knowledge regarding the 
potential of feeding CT-containing forages and to investigate the effects of feeding these 
forages on ruminal fermentation and nutrient digestion and utilization in western dairy 
diets. This knowledge is essential to better understand the potential use of CT-containing 
forages on dairy operations, and to maximize the use of beneficial forages to improve the  
environmental sustainability of U.S. dairy production. 
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CHAPTER 2 
 
REVIEW OF LITERATURE 
 
 
FORAGE UTILIZATION IN DAIRY COWS 
 
 
Forages can comprise over half of the DM in diets for high producing dairy cows 
depending upon forage quality, inventory, and price. Forage quality affects diet DM 
intake and energy density, lactational performance, supplemental grain and protein needs, 
cow health, and feed cost. Recent increases in corn and protein supplement prices have 
been unprecedented, making forage quality of paramount importance for reducing 
purchased feed costs and improving income over feed cost. 
Maximizing forage use in dairy rations involves two factors: 1) maximizing the 
proportion of forage that can be in the ration and still optimize milk production, and 2) 
maximizing the digestion and utilization of forage when it is included in a mixed ration 
of forage and concentrates (Mertens, 2009). Because forages have lower intake potential 
and digestibility than concentrates, there is an inherent conflict between adding forage 
and meeting the ration energy density required by high producing cows. Likewise there is 
an inherent conflict between fiber digestion and concentrate feeding because rapidly 
fermenting feeds tend to depress the digestion of fiber due to low survival rates of 
cellulolytic bacteria when pH drops to less than 6.2 (Calsamiglia et al., 1999). These 
conflicting conditions indicate that indeed there is an optimum proportion of forage in the 
diet that maximizes its utilization.  
It is well known that mixing concentrates with forage reduces the digestion of fiber in 
the forage. However, the mechanism for this negative effect is not completely 
7 
 
   
understood, making it difficult to overcome. There is some indication that fiber digesting 
bacteria are sensitive to lower ruminal pH (Weimer, 1996). Thus, any dietary 
modification that helps to maintain pH such as providing adequate fiber for chewing 
activity (Yang and Beauchemin, 2006), adding supplemental buffers (Clark et al., 2009), 
or reducing the fermentability of starch sources (Huntington, 1997) may minimize the 
negative impact of concentrates on fiber digestion. 
Starch in the diet may directly inhibit fiber digestion because bacteria have a high 
affinity for starch, and after they come in contact, bacteria easily ferment it and grow 
rapidly. This rapid fermentation and growth of starch-digesting bacteria can shift the 
microbial population very quickly away from fiber utilizing microbes. If dry corn or milo 
(slowly-fermenting starches) is used in the ration, starch can be as high as 30% of ration 
DM (Mertens, 2009). But, if more rapidly fermenting starches (high-moisture or thin 
flaked corn, barley, oats, or wheat) are fed, the starch content of the ration should not 
exceed 26% of ration DM. One side-effect of this rapid growth of starch-digesting 
bacteria is that they can use all of the soluble protein for their growth and metabolism, 
leaving a deficiency of N for fiber utilizing bacteria. It is recommended that about one-
third of the N in the ration be soluble and rumen degradable (Mertens, 2009). 
In addition to its impact on chewing activity and salivary buffering, adequate long or 
chopped fiber also affects the dynamics of fiber entrapment and retention in the rumen 
(Yang and Beauchemin, 2006). Although fiber concentration in the ration may be 
adequate, if it is all finely chopped, the ruminal contents become less biphasic (mat of 
long fiber particles floating on a liquid layer of small escapable particles). This changes 
the dynamics of fiber passage and allows a more rapid escape of fiber particles, which 
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results in depression of fiber digestion. Fiber digests slowly compared to all other ration 
components, and it can only be digested efficiently if it is retained in the rumen for an 
adequate time. 
To truly maximize forage in the ration, the nutritional quality of the forage must also 
be optimized. Mertens (2009) explained that nutritional quality of forages is maximized 
by reducing NDF concentration and increasing NDF digestibility. It is often observed that 
alfalfa increases intake and cow performance (Holt et al., 2010). Much of this response is 
due to the lower NDF of alfalfa, but alfalfa may also increase rate of passage, because it 
degrades into particles that are more cuboidal compared to grass particles that are long 
and slender and tend to be entrapped in the mat and pass more slowly. Although high 
forage nutritional quality should be a goal, it is possible to go overboard. At some point 
(< 35% NDF for alfalfa and < 45% for grasses), it is possible to produce forages that 
cannot be used as the sole forage in rations because of difficulties in formulating rations 
with balanced protein and soluble carbohydrate composition (Mertens, 2009). These 
high-quality forages may have a place in rations (in small proportions) as supplements 
and appetite stimulants. However, the costs of producing or purchasing them may not 
justify their production and use. 
 
ALFALFA IN DAIRY DIETS 
 
 
Alfalfa (Medicago sativa), also known as the “queen of forages,” is extensively used 
as a major forage component of dairy TMR, especially in the western United States. 
Increasing alfalfa fiber digestibility would improve forage management and ration 
formulation flexibility. Production of alfalfa and alfalfa mixture forages in 2009 was over 
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71 million tons (hay and haylage tons, 49.7 and 21.3, respectively) on 21.2 million acres 
(USDA, 2010). Crop rotations utilizing alfalfa have a positive environmental impact in 
terms of stabilizing soils, decreasing nutrient inputs and increasing wildlife habitat. Also, 
well-managed alfalfa stands effectively absorb mineralized N from manure and remove 
residual nitrate from the subsoil, irrigation water, and shallow ground water, and fix less 
N from the air (Russelle, 2004). The major disadvantage of alfalfa is low yields when 
compared to corn silage and the need for multiple harvests. Multiple harvests not only 
increase the labor and equipment costs for alfalfa, but expose the forage to multiple 
harvesting environments, such as rain damage, that increase the variability in nutritional 
quality. Intensive cutting schedules may also be the root cause of poor stand survival and 
reduced yields. 
High quality alfalfa is palatable and often maximizes intake and production of dairy 
cows. Alfalfa is low in fiber and high in protein compared to other forages, which makes 
it an excellent complement for grains and other forages in dairy rations. Although there 
are genetic differences in nutritional value among alfalfas, currently the nutritional 
quality of alfalfa is established primarily by harvesting management. Although there are 
differences among seasons and cuttings, in general the composition and DM digestibility 
of alfalfa is related to plant maturity. Immature alfalfa is high in protein, but the protein is 
rapidly fermented in the rumen to ammonia and not used efficiently. Because alfalfa 
protein is used inefficiently, dairy rations containing predominantly alfalfa forage are 
formulated to contain 1 to 3 % units more protein. When used as the sole forage source, 
the high protein and low fiber concentrations in immature alfalfa can make it difficult to 
formulate rations that meet the protein, energy and fiber requirements of dairy cows. As 
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alfalfa matures, the proportions of CP and nonfibrous carbohydrate (NFC) concentration 
decrease. The main NFC in alfalfa is pectin of which 10 to 20% is not extracted by acid 
detergent causing the difference between NDF and ADF to underestimate hemicelluloses 
in alfalfa. Because pectin ferments rapidly and completely without a decrease in ruminal 
pH (Hatfield and Weimer, 1995), it may be desirable to maintain or increase its 
proportion in alfalfa because alfalfa is relatively deficient in rapidly fermentable 
carbohydrates when compared to corn silage. 
The full benefit of alfalfa protein is not realized due to its poor utilization by the 
animal. Ruminal microbes degrade alfalfa protein too rapidly, resulting in excessive 
excretion of nitrogenous waste by the animal. In addition, protein breakdown during 
ensiling can be extensive. This loss is due to plant proteases degrading 44 to 87% of 
forage protein into ammonia, amino acids and small peptides during silage fermentation, 
resulting in losses of up to $28 per acre for alfalfa (Hartnell et al., 2005). Decreasing 
protein degradation during the silage making process and in the rumen would decrease 
the need for supplemental protein and decrease the loss of N to the environment on the 
dairy farm. 
Slowing the rate of alfalfa protein degradation in the rumen is difficult to address via 
the alfalfa plant. There is some evidence that polyphenol oxidase generated o-quinones 
interact with proteins in red clover providing some protection in the rumen creating 
greater bypass protein. It is clear that tannins provide protection of plant proteins from 
ruminal degradation. Tannins are phenolic compounds that generally bind with proteins, 
decreasing the rate and extent of protein digestion. Forage legumes (e.g. birdsfoot trefoil; 
Lotus corniculatus L.) that produce tannins in leaves or stems have increased protein 
11 
 
   
stability in the rumen, thus more protein escaping degradation in the rumen. 
Unfortunately, alfalfa does not produce tannins except in the seed coats. With new 
knowledge about tannin biosynthesis (Dixon et al., 2001), it may be possible to engineer 
alfalfa to produce tannins that provide protein protection in the rumen, which may also 
lead to less bloat.  
 
ENVIRONMENTAL PERFORMANCE OF DAIRY CATTLE 
 
 
The U.S. dairy industry has been under increasing pressure to improve environmental 
performance of dairy operations without sacrificing animal production. One of the 
nutrients under the most scrutiny is N and its resulting contribution to ammonia (NH3) 
emissions and N deposition in natural ecosystems. In ruminants fed high quality fresh 
forage diets, most proteins are rapidly solubilized, releasing between 56 and 65% of the 
N in the rumen, with 25-35% of N absorbed as NH3 from the rumen, ultimately causing 
large losses of N in the manure (Min et al., 2000). Ammonia emission occurs when N 
excreted in animal manure, specifically urinary urea-N, is hydrolyzed to NH3 by urease 
enzymes, resulting in volatilization into the atmosphere from the barn floor or soil surface 
(Burgos et al., 2007). Once volatilized, NH3 can be rapidly transformed to NH4, which 
contributes to particulate matter formation in the atmosphere (Burgos et al., 2007). This 
excreted N can also be re-deposited into the environment, resulting in eutrophication and 
acidification in atmospheric, aquatic, and terrestrial ecosystems (Aneja et al., 2008; 
Faulkner and Shaw, 2008). Feeding diets with lower concentrations of CP and shifting N 
excretion from the urine to the feces have been identified as key strategies to reduce 
environmental NH3 emissions from dairy operations (Woodward et al., 2009). 
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Ammonia is quantitatively the largest emission from agricultural operations, although 
greenhouse gas emissions, especially methane (CH4) production, are also of growing 
concern (Aneja et al., 2008). The contribution of CH4 emissions to global warming has 
been well documented (Johnson and Johnson, 1995; Moss et al., 2000). Agriculture is 
estimated to be responsible for two-thirds of CH4 emissions from anthropogenic sources, 
with enteric CH4 production contributing 32-40% to total CH4 emissions from agriculture 
(Moss et al., 2000). Formation of CH4 in the rumen is an unavoidable process during 
normal feed digestion. Methane production is greatest when ruminants are fed high 
forage diets, resulting in increased production of acetate and butyrate, and increased 
production of the by-product H2 (Blümmel et al., 1997). Hydrogen is then used in 
conjunction with CO2 by rumen methanogens to form CH4 (Blümmel et al., 1997; Figure 
2-1). Enteric CH4 emissions not only contribute to global warming, but also account for a 
large loss of feed energy from ruminants (Johnson and Johnson, 1995). Ruminants 
typically eructate 6-10% of gross energy intake as CH4. If this energy were to be 
absorbed by the animal, an increase in milk production or average daily gain would be 
expected. Therefore, altering feed strategies leading to the reduction of CH4 emissions 
has potential environmental and economic benefits for U.S. dairy operations.  
  
CONDENSED TANNINS 
 
 
Condensed tannins (CT) are secondary plant compounds found in some plant species. 
These plant products are polymers of flavan-3-ol (catechin) or flavan-3,4-diol 
(proanthocyandins) units linked by C-C bonds (Figure 2-2) (Waghorn et al., 1997; 
McMahon et al., 2000). The CT are typically found in plant cell vacuoles (Min et al., 
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2003), but location can vary among plant species. The CT can be found in cell walls, 
stems, bark, leaves, flowers, and seeds (McMahon et al., 2000). In the japonicas variety 
of birdsfoot trefoil (BFT), CT were not found in leaf tissue (as in other BFT cultivars), 
but were observed in stems and flowers by Morris et al. (1993). Conversely, CT are 
found throughout sainfoin (Onobrychis viciifolia Scop.), with the highest concentration of 
CT being found in the leaves (Lees et al., 1993). Condensed tannin concentration of 
plants can also be influenced by maturity, temperature, and soil fertility as well as grazing 
(McMahon et al., 2000). Tannin concentration in BFT was reported to increase with 
increasing plant maturity and was higher in regrowth than in spring growth in West 
Virginia (Cassida et al., 2000). 
The structure of CT can vary greatly. Monomers can be linked by C-4 and C-8 or C-4 
and C-6 interflavan bonds, which alter the shape of the compound (Haslam, 1989; Barry 
and McNabb, 1999). Condensed tannins from BFT are predominately epicatechin-
dominanted procyandin subunits (Foo et al., 1996; McNabb et al., 1998), whereas the CT 
found in sainfoin are predominantly prodelphinidin (McNabb et al., 1998; Figure 2-3). 
The number of polymer units, and therefore the molecular weight (MW) can also vary 
among CT. Condensed tannins extracted from BFT ranged in MW from 1800 to 2100, 
while those found in sainfoin had a MW between 1800 and 3300 (McMahon et al., 2000). 
These differences can dramatically alter the structure of CT, which can subsequently 
modify the nutritional effect of CT from different plant sources (McMahon et al., 2000). 
Condensed tannins form complexes with many compounds, including protein and 
carbohydrates (Barry and McNabb, 1999). Feeding forages with high concentrations of 
CT (10% DM or greater) has been shown to reduce feed intake, N utilization, and 
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carbohydrate digestion (Waghorn et al., 1997; Barry and McNabb, 1999). High 
concentrations of CT depressed ruminal carbohydrate digestion in sheep fed big trefoil 
(Lotus pedunculatus), while no suppression in carbohydrate digestion was observed in 
sheep fed BFT (Barry and McNabb, 1999). Alternatively, feeding forages containing 
moderate levels of CT (2-5% DM) have proven to be beneficial to animal production and 
nutrient utilization. Condensed tannins from plant species such as BFT and sainfoin can 
bind protein by hydrogen bonding at near neutral pH (pH 6.0 to 7.0) in the rumen to form 
CT-protein complexes, and then dissociate and release bound protein at pH less than 3.5 
in the abomasum (Barry et al., 2001). This, in turn, decreases protein degradation and 
NH3-N production in the rumen, which results in improved N utilization and reduces N 
waste excretion by the animal. This reduction in soluble protein digestion in the rumen 
also prevents frothy bloat, making forages containing CT safe to graze (Kendall, 1966). 
Feeding a source of CT may also decrease enteric CH4 emissions. Although the exact 
mechanism is not clear, indirect effects of CT on methanogens have been reported. A 
depression in CH4 production was observed when feeding goats quebracho tannin, 
supplementing CT at 5.0% DM (Animut et al., 2008). The authors contributed this to 
either a reduction in protozoa numbers and the methanogens associated with them or 
reduced fiber digestion, which ultimately reduced H2 substrate methanogens use for CH4 
production (Animut et al., 2008). However, there are many conflicting studies on the 
effects of CT on CH4 production. Feeding up to 1.8% DM of quebracho tannin to steers 
did not decrease CH4 emissions (Beauchemin et al., 2007). Furthermore, de Oliveira et al. 
(2007) reported that there was no depression in CH4 production when feeding low levels 
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of CT (1.0% DM). These results suggest CT structure and concentration may have a 
significant impact on the effects of CT on CH4 production.  
Feeding CT has also been shown to affect biohydrogenation in the rumen. A major 
bacterial species involved in biohydrogenation, Butyrivibrio fibrisolvens, was shown to 
be inhibited by tannins (Jones et al., 1994). This finding was further supported by Vasta 
et al. (2009) and Khiaosa-Ard et al. (2009). Fermentors receiving tannins from carob, 
acacia leaves, or quebracho exhibited an increase in C18:1 and a reduction in C18:0, 
suggesting an alteration in the activity of microorganisms (Vasta et al., 2009). Similar 
results were noted by Khiaosa-Ard et al. (2009), suggesting that CT can alter the fatty 
acid profile of the diet.  
Changes in VFA production have also been reported when feeding CT, although there 
are conflicting results between studies. de Oliveira et al. (2007) reported no effects on 
VFA production or proportions when feeding high and low tannin-containing diets. 
Similar results were noted when feeding Angora does tannin-containing sericea lespedeza 
(Lespedeza cuneata) when compared to does fed a mixture of crabgrass and tall fescue 
(Puchala et al., 2005). However, Carulla et al. (2005) and Bhatta et al. (2009) reported no 
change in total VFA, with decreases in the molar proportion of acetate and increases in 
propionate when feeding CT to sheep and in vitro batch cultures, respectively. This may 
be due to a decreased rate of fiber digestion or a reduction in fiber degradability when 
feeding tannins (Waghorn et al., 1994; Carulla et al., 2005).  
Condensed tannins have also been reported to decrease parasite loads. Marley et al. 
(2003) found that lambs grazing BFT had reduced helminth numbers when compared to 
those grazing ryegrass and white clover. Niezen et al. (1995) found that sheep fed the 
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tannin-containing legume sulla (Hedysarum coronarium) had increased ADG and 
decreased numbers of parasites when compared to their counterparts fed alfalfa. Although 
the exact mechanism is unknown, Athanasiadoa and Kyriazakis (2004) suggested that CT 
may reduce worm numbers or mitigate the effects of parasitism. However, more research 
is needed to understand the anthelmintic properties of CT, as responses vary with the 
source of CT.  
 
CONDENSED TANNIN-CONTAINING FORAGES 
 
 
Agronomic Characteristics 
Birdsfoot trefoil is a tannin-containing legume that is well adapted to the 
intermountain west of the United States (MacAdam et al., 2006). It is one of the most 
widely distributed Lotus species, and because of its anti-bloating properties, is a popular 
pasture species throughout the world (Blumenthal and McGraw, 1999). Birdsfoot trefoil 
is a tap-rooted legume, with a root system that is branched but nearly as deep as alfalfa 
(Cooper and Ferguson, 1964), making it drought tolerant but more flooding and heaving 
tolerant than alfalfa (MacAdam et al., 2006). However, BFT can be difficult to establish 
and typically produces less yield than alfalfa, yet outperforms alfalfa in slightly acidic, 
droughty, infertile, or wet soils (McGraw et al., 1989). Beardsley and Anderson (1960) 
reported that BFT can be harvested more frequently than alfalfa, but more leafy stubble 
(photosynthetic area) must be left after cutting or grazing because the plant does not store 
carbohydrates until autumn (Smith, 1962). Birdsfoot trefoil has also been found to 
maintain quality better than many forages when stockpiled (Alison and Hoveland, 1989). 
Sainfoin is another tannin-containing, non-bloating legume that is popular in the 
northern Rocky Mountain region of the United States (Carlton et al., 1968). Sainfoin is a 
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deep-rooted, tall growing forage that has exhibited efficient water use and drought 
resistance (Koch et al., 1972; Parker and Moss, 1981). Sainfoin usually produces less 
yield than alfalfa, but has been reported to consistently out yield alfalfa in areas where 
production is limited to one cutting (Cooper and Roath, 1965; Murray and Slinkard, 
1968). Furthermore, sainfoin tends to mature and bloom at a faster rate when compared to 
alfalfa, providing earlier spring grazing and hay production (Carlton et al., 1968; Melton, 
1973). 
Cicer milkvetch (Astragalus cicer) is a legume that is adapted to a wide range of 
growing conditions and does not contain CT (Stroh et al., 1972). Cicer milkvetch is a tap-
rooted, rhizomatous (Townsend et al., 1978), winter hardy, and non-bloating legume that 
has been grown mainly in the northern and central Rocky Mountains of the United States 
and western Canada (Stroh et al., 1972; Gabrielsen et al., 1985; Kephart et al., 1990).  
This species is well adapted to a variety of soil types and is fairly tolerant of both acidity 
and alkalinity (Townsend, 1993). Cicer milkvetch produced 70-80% of the yield of 
alfalfa when grown in western Canada in dryland conditions (Johnston et al., 1975), but 
considerably out-produced alfalfa when grown under irrigation in Montana and New 
Mexico (Stroh et al., 1972; Melton, 1973). Townsend et al. (1978) reported satisfactory 
yields (12 metric tons/ha), stand persistence, and forage quality when grown in Colorado.  
 
Chemical Composition and Plant Structure 
 
Both BFT and CMV are very similar to alfalfa in forage nutritive value. Birdsfoot 
trefoil has been reported to be similar to alfalfa in CP and fiber concentrations, with some 
tendency for fiber to be lower in BFT. Cassida et al. (2000) reported values for BFT and 
alfalfa over a three year period. Birdsfoot trefoil averaged 35.9, 29.5, and 20.9% of DM 
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for NDF, ADF, and CP, respectively, while alfalfa averaged 39.0, 28.4, and 19.7% of 
DM, respectively. Williams et al. (2010) reported similar results, with 20.0 and 18.5% CP 
of DM for alfalfa and BFT, respectively, while NDF for alfalfa was 40.8% compared to 
35.8% of DM for BFT.  
The CP content of CMV has been reported to be very similar to alfalfa in numerous 
studies (Stroh et al., 1972; Kephart et al., 1990; Acharya et al., 2006), while fiber content 
tends to be lower in CMV (Dahlberg et al., 1988; Acharya et al., 1996). Acharya et al. 
(2006) reported similar chemical compositions among alfalfa and CMV, although some 
variation was noted among varieties of CMV. Cicer milkvetch cultivars ‘Oxley’ and 
‘Monarch’ contained 41.4 and 36.1% NDF and 28.0 and 21.7% CP on a DM basis, 
respectively. These cultivars were compared to ‘Barrier’ and ‘Beaver’ varieties of alfalfa, 
which contained 44.8 and 41.0% NDF and 22.6 and 20.0% CP on a DM basis, 
respectively (Acharya et al., 1996). Dahlberg et al. (1988) also observed similar CP levels 
in alfalfa and CMV (26.0 and 28.7% of DM, respectively), while also observing 
decreased concentrations of NDF and ADF in CMV (31.0 and 23.1% DM, respectively) 
when compared to alfalfa (41.8 and 27.5% DM, respectively). 
Ditterline and Cooper (1975) reported that sainfoin has less CP and fiber when 
compared to alfalfa harvested at the same maturity. This was also observed by Carlton et 
al. (1968) when comparing alfalfa and sainfoin at 3 different maturity levels. Sainfoin 
was lower in both CP and fiber content throughout the study. Alfalfa averaged 15.2% CP 
across the 3 maturity levels while sainfoin averaged just 12.5% CP when grown under 
irrigation. At the same time, alfalfa averaged 33.7% NDF while sainfoin averaged 27.2%.  
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Birdsfoot trefoil and sainfoin are both tannin-containing legumes. Sainfoin typically 
contains higher concentrations of CT, at 5-8% of DM, while BFT typically contains 0.5-
4.7% of DM (Barry and McNabb, 1999; Scharenberg et al., 2007; Grabber, 2009). 
Different cultivars can contain different levels of CT. Two continuous culture studies 
included in this thesis encompass three different varieties of BFT; Grasslands Goldie, 
Norcen, and Oberhaunstaedter, which were developed in New Zealand, the U.S., and 
Germany, respectively (Marley et al., 2006). In studies conducted in Utah and Wisconsin, 
average tannin content of these varieties harvested in early, mid, and late summer was 
2.3, 0.9, and 1.8% CT on a DM basis, respectively (Grabber, personal communication). 
Cicer milkvetch does not contain any CT, but its unique plant structure alters microbial 
digestion in the rumen. Lees et al. (1982) reported that CMV leaves have bundle sheath 
cells surrounding every vein that connect secondary and tertiary veins to both the upper 
and lower epidermal layers of the leaf. These veins have a reticulate pattern that 
compartmentalizes the leaf, confining microbial digestion to discrete areas. Furthermore, 
the epidermal layers of the leaf are very thick, improving mechanical strength and 
reducing fragmentation. In contrast, the epidermal layers of alfalfa were less resistant to 
microbial digestion, allowing the epidermal layers to lift away from leaflets in large 
sheets and exposing the mesophyll to rapid digestion (Lees et al., 1982). This difference 
in plant structure may explain why alfalfa is so rapidly and extensively degraded in the 
rumen.  
 
Ruminal Fermentation When Feeding CT-Containing Forages  
 
The moderate levels of CT in BFT (0.5-4.7% DM) have been found to have beneficial 
effects on ruminal fermentation. When the BFT cultivars ‘Empire’ and ‘Maitland,’ 
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containing 0.25 and 1.45% CT of DM, respectively, were fed to sheep (John and 
Lancashire, 1981), ‘Maitland’ decreased protein solubility and ruminal NH3-N 
concentration while it increased the of amount of N retained when compared to the 
cultivar containing less CT. Molan et al. (2001) conducted an in vitro experiment using 
CT purified from BFT and big trefoil. Growth of 5 major strains of ruminal proteolytic 
bacteria was measured when exposed to the 2 different types of CT. The CT from BFT 
reduced the growth of all strains of proteolytic bacteria when used at 600 µg/mL, 
although the CT from big trefoil proved to have greater inhibitory effects (Molan et al., 
2001). This study suggests that CT not only reduce protein degradation in the rumen by 
binding with protein, but also alter the microbial population, particularly those strains 
most involved in proteolysis. Condensed tannins have also been shown to decrease 
digestion of cellulose by ruminal fungi by inhibiting endoglucanase activity (McAllister 
et al., 1994). While the potential of CT to reduce fiber digestion has been documented, 
little research has been published on the effects of BFT on VFA production. Dahlberg et 
al. (1988) offered BFT or alfalfa hay to continuous cultures. An increase in total VFA 
concentration was observed when feeding BFT, as well as a shift from acetate production 
to propionate. Therefore, the shift from acetate to propionate observed by Dahlberg et al. 
(1988) may have been due to a slower rate of fiber degradation or suppression of 
cellulose digestion by CT present in BFT. 
Feeding sainfoin has also been reported to affect ruminal fermentation, although this 
species has not been studied as extensively as BFT. Proteolysis by Streptococcus bovis 
and B. fibrisolvens was reduced when cultures were exposed to CT from sainfoin (Jones 
et al., 1994). This reduction in proteolysis by sainfoin is further confirmed by Dahlberg et 
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al. (1988), when continuous cultures offered sainfoin hay exhibited a 90% reduction in 
ruminal NH3-N concentration when compared to alfalfa hay. Scharenberg et al. (2007) 
also noted a decrease in ruminal NH3-N when comparing sheep fed sainfoin hay to those 
fed sainfoin hay with added polyethylene glycol (PEG), further documenting the N 
binding effects of the CT found in sainfoin. Polyethylene glycol forms an insoluble 
complex with tannins in the rumen, therefore preventing CT from binding to protein 
(Mantz et al., 2009). Reduced NH3-N production was also observed in continuous 
cultures when comparing sainfoin hay to grass-clover hay (Khiaosa-Ard et al., 2009). 
This study also reported a shift in VFA production: total VFA concentrations remained 
the same between the treatments; however, the molar proportion of propionate was 
increased, reducing the acetate to propionate ratio which may have been due to a 
reduction in NDF degradation caused by the CT present in sainfoin. Khiaosa-Ard et al. 
(2009) also reported no effects on ruminal biohydrogenation when comparing sainfoin 
hay to grass-clover hay in continuous cultures.  
Few studies have been carried out on the effects of CMV on ruminal digestion. 
Dahlberg et al. (1988) found decreased molar proportions of acetate and increased total 
VFA production in continuous cultures offered CMV hay compared to alfalfa hay. An 
increase in DM and OM digestibilities was also observed. In the same study by Dahlberg 
et al. (1988), CMV or alfalfa was fed as a component of a TMR to continuous cultures. 
When fed as the forage portion of a TMR, CMV notably reduced NH3-N concentration. 
Amino acid flow was also altered, with considerable increases in arginine, threonine, 
serine, glutamate, glycine, alanine, methionine, leucine, tyrosine, and phenoalanine when 
compared to an alfalfa-based TMR. An increase in the molar proportion of propionate 
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was also found when feeding CMV. Digestibilities of DM, OM, and NDF were not 
affected. Weimer et al. (1993) conducted a study to determine if an antinutritive 
compound in CMV may account for variations in degradability. In vitro fermentation 
exhibited reduced NDF digestibility when comparing CMV to alfalfa. Digestibility was 
improved after CMV was extracted in 39ºC water for 3 h. Furthermore, the compound 
extracted from the CMV inhibited in vitro digestion of cellulose by mixed rumen 
microbiota and pure cultures of Ruminococcus flavefaciens and Fibrobacter 
succinogenes. The authors suggested that the unidentified compound present in CMV 
may disrupt microbial attachment to cellulose, resulting in depressed fiber digestion.  
 
Animal Performance When Feeding CT-Containing Forages 
 
Shifts in ruminal fermentation patterns, as observed with the above forages, may 
ultimately result in changes in animal performance. Altering ruminal fermentation can 
have beneficial effects on energy status and milk composition. Decreased enteric CH4 
emissions may increase energy absorption by the animal. Furthermore, modifications in 
VFA production and ruminal biohydrogenation may affect energy status and milk 
production, as well as the fatty acid composition of the milk. In addition, reducing protein 
degradation in the rumen, as is consistently reported when feeding CT, can increase the 
protein available in the small intestine, resulting in improved N utilization and animal 
production. 
Waghorn et al. (1987) reported decreased ruminal N digestion and NH3-N 
concentration when feeding sheep BFT compared to sheep receiving the same forage 
with added PEG. This study also found that the abomasal digesta in sheep fed BFT 
contained 50% more essential amino acids and 14% more non-essential amino acids. 
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Protein that bypasses the rumen improves N efficiency and is used more efficiently in the 
small intestine, as long as it contains essential amino acids (Van Soest, 1994). An 
increase of 50% of essential amino acids entering the small intestine (Waghorn et al., 
1987) may significantly increase N utilization by the animal. Woodward et al. (2000) 
reported increased milk protein in cows fed BFT compared to those fed BFT with PEG. 
Furthermore, an increase in milk yield was observed in cows grazing BFT compared to 
those grazing BFT with PEG, ryegrass, or ryegrass with PEG. The authors reported that 
CT in BFT contributed to 46% of the difference in milk production between cows on 
BFT or ryegrass. These results suggest that decreased protein degradation in the rumen, 
and the subsequently increased availability of protein in the small intestine when feeding 
BFT may be responsible for improving milk production and milk protein in this study 
(Woodward et al., 2000). In a different experiment, N partitioning was measured in dairy 
cows fed increasing proportions of fresh BFT, compared to cows on ryegrass pasture 
(Woodward et al., 2009).  Total N intake and N output did not vary with increasing BFT. 
However, N partitioned to milk increased with increasing BFT because of an increased 
milk yield and similar milk protein percentage when increasing proportions of BFT. 
Furthermore, while total N excretion remained unchanged, a shift in N from the urine to 
the feces was observed (Woodward et al., 2009). This reduction in urinary N excretion 
could potentially lead to reductions in NH3 emissions from manure sources. 
Feeding BFT has also been shown to reduce CH4 emissions from dairy cows. Cows 
grazing BFT produced 17% less CH4 per unit of DMI than their counterparts grazing 
ryegrass (Woodward et al., 2004). The authors calculated that 66% of this reduction was 
due to the action of tannins in the BFT, and also estimated that if the energy saved from 
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this decrease of CH4 were absorbed, it could result in an increase of 0.6 kg of daily milk 
production. Cows grazing BFT did exhibit increased milk production, and similar 
concentrations of milk fat and protein when compared to cows grazing ryegrass 
(Woodward et al., 2004). Cows offered BFT silage also had decreased CH4 emissions per 
unit of DMI and per kg of milk solids produced when compared to cows fed ryegrass 
silage (Woodward et al., 2001). The cows fed BFT silage also exhibited increased milk 
production and DMI. Increased milk production was also observed in lactating ewes 
grazing BFT when compared to those grazing BFT with PEG (Wang et al., 1996). Turner 
et al. (2005) grazed lactating cows on either BFT or ryegrass pasture, with half of the 
cows in each treatment receiving PEG. An increase in milk production was noted when 
cows grazed BFT when compared to ryegrass, as well as in cows that grazed BFT when 
compared to those on BFT and PEG. These results further confirm the feeding value of 
BFT and beneficial effects of CT on animal production. A decrease in C18:0 and increase 
in C18:2, C18:3, and n-3 fatty acids (FA) was found in the milk from cows fed BFT 
when compared to cows fed ryegrass, suggesting CT altered biohydrogenation in the 
rumen, and subsequently the FA composition of the milk (Turner et al., 2005). This 
decrease in saturated FA and increase in n-3 FA in milk when feeding BFT could have 
beneficial effects on human health.  
Limited research is available on the effects of feeding sainfoin on animal 
performance. Parker and Moss (1981) offered lactating cows either alfalfa hay or sainfoin 
hay with a commercial grain mix. Cows receiving the sainfoin treatment responded with 
a decrease in milk production and fat and protein yields. However, maturity of the 
forages could have affected these results. Alfalfa was harvested at 10% bloom, while the 
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sainfoin was harvested at 50% bloom, which may have affected digestibility. In contrast, 
Holstein heifers offered sainfoin hay had higher DMI and ADG when compared to 
heifers fed alfalfa hay, suggesting sainfoin is more palatable than alfalfa and may be a 
good alternative forage for growing heifers (Parker and Moss, 1981).  
Few studies have been conducted on the feeding value of CMV. Marten et al. (1987) 
grazed dairy heifers on pasture over a 4-yr period. Heifers grazing the cultivar “Monarch” 
CMV did not exhibit any increase in ADG when compared to heifers grazing alfalfa, 
even though CMV had improved in vitro digestible DM. Furthermore, DMI was 
suppressed in heifers on CMV, suggesting palatability may have been a problem. 
Townsend (1986) reported differences in palatability among different varieties of CMV, 
and Ehlke et al. (2003) found increased palatability in cultivar ‘HiPal’ compared to 
‘Monarch’ and ‘Lutana’ when grazing sheep. In addition, Marten et al. (1987) noted 
severe photosensitivity in heifers grazing CMV during 2 complete grazing seasons. In 
contrast, sheep grazing different cultivars of CMV, including ‘Monarch,’ did not exhibit 
any signs of photosensitivity when grazing the forage for an entire season (Townsend, 
1986). Acharya et al. (1996) fed sheep and steers hay from 2 different varieties of alfalfa 
or CMV cultivars ‘Monarch’ or ‘Oxley.’ Intakes of CMV hay were similar to the intakes 
of alfalfa, suggesting palatability may be of more concern when grazing CMV. No 
photosensitivity was observed when feeding CMV as hay.  
Condensed tannins-containing forages, as well as CMV, are well adapted to the 
western US, and have shown potential to be used for grazing as well as hay production. 
Extensive research on BFT has shown beneficial effects on both ruminal fermentation 
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and animal performance when fed to ruminants. However, research is lacking on animal 
performance and ruminal fermentation when feeding sainfoin and CMV.  
The dairy industry is under ever-increasing pressure from the public to improve 
environmental sustainability of dairy operations, while maintaining profitability and 
production levels. Feeding CT-containing forages, as well as CMV may have beneficial 
impacts on environmental performance of dairy operations, without sacrificing 
production. However, very little research has been conducted on the feeding value of 
these forages as hay, and to the author’s knowledge, no research exists on feeding these 
forages as components of a typical western dairy TMR. More research is needed in this 
area to accurately assess the feeding potential of these forages in the U.S. dairy industry. 
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Carbohydrates     monosaccharides, e.g. glucose (C6H12O6) 
C6H12O6 + 2 H2O    2 CH3COOH + 2 CO2 + 4 H2 (acetate) 
C6H12O6 + 2 H2    2 CH3CH2COOH + 2 H2O (propionate) 
C6H12O6      CH3CH2CH2COOH + 2 CO2 + 2 H2 (butyrate) 
CO2 + 4 H2     CH4 + 2 H2O (methane) 
 
Figure 2-1. Production of methane by rumen microbes. Adapted from: Blümmel et al., 
1997 
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Figure 2-2. Chemical structure of condensed tannins. Adapted from: McMahon et al., 
2000 
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Figure 2-3. The basic repeating unit of condensed tannins. Adapted from: Schofield et 
al., 2001 
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CHAPTER 3 
 
IN VITRO RUMINAL FERMENTATION CHARACTERISTICS OF  
 
BIRDSFOOT TREFOIL HAY IN CONTINUOUS CULTURES1
 
 
 
INTRODUCTION 
 
 
Efficient use of nutrients is one of the major goals of sustainable agricultural 
production systems because inefficient nutrient use not only results in excessive and 
potentially harmful losses to the environment, but also reduces economic performance 
(Oenema and Pietrzak, 2002). For instance, in ruminants fed high quality fresh forage 
diets, most proteins are rapidly solubilized, releasing between 56 and 65% of the N in the 
rumen; consequently, large losses of N occur (25-35%) as ammonia (NH3) is absorbed 
from the rumen (Min et al., 2000). Reducing this wasteful loss of NH3 and the resulting 
optimization of animal feeding and management has been described as a key strategy for 
reducing  nutrient excretion in manure (CAST, 2002; Ipharraguerre and Clark, 2005). 
Therefore, the correct match between the quantity and quality of nutrients required by the 
animal, together with an increase in animal productivity, improves the efficiency of 
nutrient use for milk production and reduces nutrient excretion (Rotz, 2004). 
Condensed tannins (CT), polymers of flavanol units, are probably the most 
extensively studied plant secondary metabolites with reference to their physiological and 
nutritional consequences (Makkar, 2003), and are the most common type of tannins 
found in forage legumes, trees, and shrubs (Barry and McNabb, 1999). Condensed 
                                                          
1Williams, C. M., J.-S. Eun, C. M. Dschaak, J. W. MacAdam, B. R. Min, and A. J. 
Young. 2010. CASE STUDY: In Vitro Ruminal Fermentation Characteristics of 
Birdsfoot Trefoil (Lotus corniculatus L.) Hay in Continuous Cultures. Prof. Anim. Sci. 
(in press). 
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tannins can form complexes with numerous types of molecules including proteins, 
polysaccharides, nucleic acids, and minerals (Haslem, 1989). The CT from forage species 
including birdsfoot trefoil (Lotus corniculatus L.; BFT) not only bind to protein by 
hydrogen bonding at near neutral pH (pH 6.0 to 7.0) in the rumen to form CT-protein 
complexes, but also dissociate and release bound protein at pH less than 3.5 in the 
abomasum (Barry et al., 2001; Mueller-Harvey, 2006). Thus, such CT-containing forages 
can protect dietary protein against degradation in the rumen and improve N utilization, 
resulting in reduced nitrogenous waste excretion and improved amino acid supply of 
animal needs and nutritional status of the animal. Birdsfoot trefoil variety trials are in a 
fourth year at Logan, UT, and yield is consistently two-thirds of alfalfa check varieties 
while persistence is comparable (Griggs and MacAdam, personal communication). 
Studies are underway to determine livestock production on BFT and thus economic value 
compared with alfalfa. Another beneficial effect associated with CT is the reduction in 
ruminal methane (CH4) emission (Woodward et al., 2001; Waghorn et al., 2002; 
Tavendale et al., 2005). Diets containing BFT CT at levels of 2.6% DM resulted in 
decreased CH4 emission per kg of digested DM in dairy cattle (Woodward et al., 2001). 
Tavendale et al. (2005) suggested that the CT action on methanogenesis can be attributed 
to indirect effects, by reduced H2 production (and presumably reduced forage 
digestibility), and by direct inhibitory effects on methanogens. Forages can be the 
foundation upon which good dairy rations are formulated, and consequently, CT-
containing forages can fulfill this goal. Therefore, feeding CT-containing forages in 
lactating dairy diets may improve N utilization and reduce excretion of nitrogenous waste 
and CH4 emission by dairy cows.  
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We hypothesized that feeding BFT hay (BFTH) would decrease CH4 production and 
improve N utilization in vitro when compared to feeding alfalfa (Medicago sativa L.) hay 
(AH). The objective of this study was to evaluate the effects of BFTH on ruminal 
fermentation and digestibility in continuous culture, with a specific focus on NH3-N and 
CH4 production.  
 
MATERIALS AND METHODS 
 
 
Forages, Dietary Treatments, and Experimental Design 
 
The AH was of moderate quality (Table 3-1). Birdsfoot trefoil cultivar ‘Grasslands 
Goldie’ was planted in 2006 and grown under irrigation at the Utah Agricultural 
Experiment Station Greenville Research Farm (North Logan, UT). Small amounts of 
forage were harvested to ground level on June 17, July 30, and September 10, 2008, and 
dried for 2 d at 60°C. Forage samples from these three dates were pooled and dried again 
at 55°C for 48 h and ground through a 4.0-mm screen (standard model 4, Arthur Thomas 
Co., Philadelphia, PA) for use in the fermentors. 
Dietary treatments consisted of: 1) 100% AH, 2) 50% AH and 50% birdsfoot trefoil 
hay on a DM basis (AHBFTH), and 3) 100% BFTH. Treatments were compared in a 3 × 
3 Latin square design with three periods as replicates. 
  
Continuous Culture Apparatus and Its Operation 
 
Ruminal fluid was collected 4 h after the morning feeding (1100 h) from two 
ruminally cannulated, lactating Holstein cows fed a TMR composed of 22.4% corn 
silage, 43.2% chopped alfalfa hay, 22.6% rolled corn grain, and 11.8% concentrate (DM 
basis). The diet consumed was formulated to meet the nutrient requirements of a dairy 
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cow in early lactation to produce 38 kg/d of milk with 3.5% fat, and 3.0% true protein. 
Care, handling, and sampling of the donor animals used in this study were approved by 
the Utah State University Institutional Animal Care and Use Committee. To prepare the 
ruminal fluid, ruminal contents were obtained from various locations within the rumen 
and composited. The ruminal contents were placed in sealed containers, transported to the 
lab, and strained through polyester material (PeCAP, pore size 355 μm; B. & S. H. 
Thompson, Ville Mont-Royal, Quebec, Canada) under a stream of oxygen-free CO2. 
Approximately 700 mL of strained rumen fluid was added to each fermentor. A dual flow 
continuous culture system with glass, air-tight culture vessels (1 L total capacity) was 
used, and fermentor design and operating conditions were reported previously (Jenkins et 
al., 2003; Eun et al., 2004). The lid of each vessel (fermentor) included ports for the 
delivery of feed, CO2, and artificial saliva as well as ports for a pH electrode and gas 
sampling. The overflow port was fitted with a ‘T’ glass that allows stratification of the 
culture contents. The overflow from each fermentor was collected in a sealed bottle that 
was kept on ice to prevent further fermentation. A circulating water bath connected to the 
water jacket maintained the temperature of the culture at 39°C. A central paddle driven 
by a variable speed electric stirrer motor constantly stirred culture contents at 25 rpm. A 
constant flow of CO2, at 20 mL/min, maintained anaerobic fermentation conditions. 
Artificial saliva was prepared as described by Slyter et al. (1966) and delivered by a 
pump (Model 323, Watson-Marlow Inc., Wilmington, MA) set at 2 mL/min to maintain a 
fractional dilution rate of 10%/h. Each run lasted for a total of 8 d, with the first 5 d 
allowed for microbial adaptation to the diet. During the adaption period, experimental 
diets were gradually introduced to the representative fermentors, and culture pH and CH4 
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production were monitored. By d 3, all fermentors received a full experimental diet, and 
samples were taken on d 6 to 8. Each fermentor received 20 g (DM basis) of the 
experimental diet daily, with two equal portions being added to each fermentor at 0800 
and 2000 h. 
The culture pH was recorded through a pH electrode connected to pH meter (model 
63, Jenco Instruments, Inc., San Diego, CA) every hour for 12 h on d 6 and 7. Headspace 
gas samples were taken at 0, 3, 6, 9, and 12 h after the morning feeding using a 10 μL 
gastight syringe (Hamilton Co., Reno, NV) and analyzed for CH4 with a GLC (model 
CP-3900, Varian, Walnut Creek, CA). Daily CH4 output (mmol/d) was calculated as 
reported earlier (Jenkins et al., 2003) using the following equation: CH4 concentration in 
fermentor headspace (mmol/mL) × CO2 gas flow through the fermentor headspace (20 
mL/min) × 60 min × 24 h. Five milliliters of fermentor culture fluid were filtered, added 
to 1 mL of 1% sulfuric acid, and retained for NH3-N determination. Another 5 mL of the 
filtered fermentor culture fluid taken at 1100, 1400, and 1700 h were added to 1 mL of 
25% meta-phosphoric acid, and the samples were retained for VFA determination. These 
samples were stored at −40°C until analyses. Overflow samples were collected every 24 
h on d 6 and 7 to determine digestibility. Bacteria were isolated from fermentor contents 
on the last day of each period. Fermentor contents were blended using a Waring blender 
(Waring Products Division, New Hartford, CT) for 1 min and squeezed through polyester 
material (PeCAP, pore size 355 μm). The filtrate was centrifuged at 800 × g for 15 min at 
4°C to remove solids, and then the supernatant fraction was centrifuged at 27,000 × g for 
30 min at 4° C to obtain a bacterial pellet (Yang et al., 2004). The pellet was freeze-dried 
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and ground using a ball mill (Mixer Mill MM2000; Retsch, Haan, Germany) to a fine 
powder for determination of microbial N concentration.  
 
Chemical Analyses 
 
Crude protein, NDF, and ADF of forages were determined by near-infrared 
spectroscopy using a Foss 6500 (Foss North America Inc., Eden Prairie, MN). Standard 
legume hay equations were used to compute the nutrient concentrations. Condensed 
tannin concentrations were determined using the method of Terrill et al. (1990). Total-N 
concentration in the microbial pellet was determined using an elemental analyzer (LECO 
TruSpec N, St. Joseph, MI; AOAC, 2000). Concentration of NH3-N was determined as 
described by Rhine et al. (1998) using a plate reader (MRXe, Dynex Technologies, 
Chantilly, VA). Ruminal VFA were separated and quantified using a GLC (model 6890 
series II; Hewlett Packard Co., Avandale, PA) with a capillary column (30 m × 0.32 mm 
i.d., 1 μm phase thickness, Zebron ZB-FAAP, Phenomenex, Torrance, CA) and flame-
ionization detection. The oven temperature was held at 170°C for 4 min, increased to 
185°C at a rate of 5°C/min, then increased by 3°C/min to 220°C and held at this 
temperature for 1 min. The injector and the detector temperatures were 225 and 250°C, 
respectively, and the carrier gas was helium (Eun and Beauchemin, 2007). 
 
Statistical Analyses 
 
The data in this study were analyzed using the Proc Mixed procedure of SAS (SAS 
Institute, 2007). Dietary treatment was included as a fixed effect, with period and 
fermentor analyzed as random effects in the model. Denominator degrees of freedom 
were estimated using the Kenward-Roger option. The same mixed model was used for 
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variables that were repeated in time, but sampling time and a repeated statement were 
added to the model. One of three model structures was used depending on the finite-
sample corrected Akaike’s information criterion value for data that best fit the model. 
The structures were; unstructured and compound symmetry, unstructured and first-order 
autoregressive, and unstructured and unstructured variance-covariance structure. In most 
cases (culture pH, NH3-N, and CH4), there was no interaction between time and dietary 
treatment. Effects were declared significant if P < 0.05, and differences were considered 
to indicate a trend toward significance if 0.05 < P < 0.10. 
 
RESULTS 
 
 
Replacing AH with BFTH decreased CP concentration, but increased CT 
concentration (Table 3-1). In addition, NDF of BFTH was 5.0 percentage units lower 
than that of AH, and ADF of BFTH was 3.8 percentage units lower than that of AH, 
resulting in higher non-fibrous carbohydrate (NFC) concentration of BFTH compared to 
AH. Although culture pH decreased when BFTH was fed (Table 3-2), the difference 
between BFTH and the other two treatments was less than 0.1 pH unit, which would not 
affect ruminal fermentation. Contrary to our expectation, dietary treatments did not 
influence CH4 production. Dietary treatment did not have any impact on VFA production 
and VFA composition in the present study except that molar proportion of isobutyrate 
tended (P = 0.09) to decrease by feeding AHBFTH. 
Digestibilities of OM and NDF were not affected by treatment (Table 3-3). However, 
NH3-N concentration of ruminal fluid was reduced by BFTH compared to AH. There was 
also a reduction in NH3-N flow (g/d) from the fermentor offered AHBFTH when 
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compared to AH, and the flow was further reduced by BFTH. When expressed as g NH3-
N per g dietary N supply, feeding BFTH reduced NH3-N flow by 22% compared to AH. 
Dietary treatments did not influence microbial N concentration. 
  
DISCUSSION 
 
 
The most significant findings in this study were ruminal fermentors that received CT-
containing forage BFTH rather than AH decreased NH3-N concentration and flow rate 
with no changes in NDF digestibility and microbial N concentration. This indicates that 
less ruminal N was lost as NH3, and more bypass protein would be available for 
absorption from the small intestine.  
 
Characteristics of Dietary Treatments 
 
Differences in fiber contents between AH and BFTH can be accounted for by the 
different growth habits of the plants; alfalfa has a large central stem, while BFT has fine 
branch or lateral stems growing directly from the crown at ground level. Furthermore, as 
alfalfa matures, the lowest leaves in the canopy senesce, increasing the stem to leaf ratio 
of alfalfa and resulting in increased fiber content. Similarly low fiber contents were 
reported for BFT by Cassida et al. (2000) with NDF and ADF averaging 35.9 and 29.5% 
DM, respectively, over a period of three years.  
Concentration of CT in the BFTH used in this study (0.97% of DM) was lower than 
some values reported in the literature for BFT, which were between 2 and 4% DM 
(Terrill et al., 1992; Jackson et al., 1996; Broderick and Albrecht, 1997). However, the 
literature CT concentrations were measured in freeze-dried forages, while the BFT in the 
current study was oven-dried. Terrill et al. (1990) reported a decrease in tannin 
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extractability from oven-dried and sun-cured samples of sericea lespedeza (Lespedeza 
cuneata) compared with freeze-dried samples. The decreased tannin extractability is 
likely due to polymerization and oxidative changes that can occur during the drying 
process (Goldstein and Swain, 1963). Furthermore, the current study measured 
extractable CT, and did not account for protein-bound or fiber-bound CT that can make 
up a large portion of the total CT. Terrill et al. (1992) found that as CT concentrations fell 
below 2.5% DM, proportionally more tannin was protein-bound. The same study reported 
2.1% DM total CT for freeze-dried BFT, with 1.3% DM protein-bound and 0.1% DM 
fiber-bound CT (Terrill et al., 1992). Our interest in carrying out the present study was to 
determine the effect of tannins in hay on ruminal metabolism. Extractable tannins from 
hay represent those tannins not already bound to plant proteins, and therefore are the 
tannins available to have an effect in the rumen when hay is fed. 
 
Methane Production 
 
Previous studies conducted on the effects of CT on CH4 production have yielded 
conflicting results (Beauchemin et al., 2007; de Oliveira et al., 2007; Animut et al., 2008) 
due possibly to various levels (< 1% CT DM) or types of CT-containing forages used. 
For example, Puchala et al. (2005) reported increased DM intake and decreased CH4 
emissions in Angora does fed fresh sericea lespedeza (17% CT/kg DM) vs. a mixture of 
crabgrass (Digitaria ischaemum) and tall fescue (Festuca arundinacea). Conversely, de 
Oliveira et al. (2007) reported that there was no difference in CH4 production when 
feeding low levels of sorghum CT (1.0% DM), further supporting our case that relatively 
low CT concentration would not affect CH4 production by BFTH. Min et al. (2003) 
reported that beneficial effects of CT in BFT on sheep performance may occur in the 
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range of 2 to 4% CT DM. However, the wool growth response was negative when the CT 
concentrations were above 5% CT DM. Conversely, when CT concentration decreased 
below 2.2% CT DM, the production response was variable. This may partially explain 
why the CH4 and ruminal VFA production in the present study was not much affected for 
those ruminal fermentors receiving diets with BFTH. However, those ruminal fermentors 
fed 100% BFTH had 0.97% DM CT in their diet, high enough to positively influence 
ruminal NH3 levels. It can be suggested that the low levels of CT in these diets may not 
be sufficient to modify methanogenesis, but positively influence protein metabolism in 
the rumen.  
 
Nitrogen Metabolism 
 
The N binding effects of CT have been well documented (Waghorn et al., 1987; 
Barry and McNabb, 1999; Beauchemin et al., 2007). The CT present in BFT have been 
found to inhibit the growth of proteolytic bacteria and may also precipitate plant protein, 
making it less available for proteolysis (Min et al., 2000; Molan et al., 2001), thereby 
inhibiting NH3 production. When protein is rapidly degraded in the rumen, NH3 is 
produced more quickly than the microbes can utilize it for protein synthesis, resulting in 
more protein being degraded than synthesized (Broderick, 1995). The effect of BFTH on 
retarding forage N degradation would enhance nutrient utilization by reducing N 
excretion in manure. Powell et al. (2009) recently reported a shift of N excretion routes 
by feeding CT-containing forages, because the ratio of N excreted in feces and urine was 
greatest for low-tannin and high-tannin BFT treatments and lowest for the alfalfa 
treatment. Reduced urinary N excretion would result in reduced environmental losses 
through nitrate leaching, NH3 volatilization, and nitrous oxide emissions. Lower CP 
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concentration of BFTH than AH (18.5 vs. 20.0%) might affect NH3-N concentration in 
this study; however, remarkable reduction of NH3-N flow, expressed as g NH3-N per g 
dietary N supply, indicates clear response of CT in BFTH on N excretion. In addition to 
the CT of BFTH, the level of NFC may affect NH3 production in this study. In Table 1, 
NFC was 16% higher in BFTH than in AH, which may be sufficient to change NH3-N 
production in the fermentation.  
 
CONCLUSIONS 
 
 
This study has shown that CT from BFTH can be used to inhibit the N fermentation 
by rumen microorganisms, and that it was effective at reducing protein degradation as 
measured by NH3 level, but the effect of individual bacterial communities upon 
proteolysis and their response to the moderate level of CT in BFT (2-4% CT DM) have 
not been defined and should be studied in the future. It is also recommended that the 
positive effect of reduced NH3-N production by BFTH be further evaluated in in vitro 
and in vivo feeding studies using TMR diets based on BFTH as the main forage. 
Birdsfoot trefoil has already been shown to improve the milk production of grazing-based 
dairy operations. Our data suggest BFT may also significantly improve environmental 
sustainability of conventional dairy operations through the incorporation of tannin-
containing forage hay into TMR diets.   
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Table 3-1. Chemical composition of the dietary treatments (DM basis)    
Item 
Dietary treatment1 
AH AHBFTH BFTH 
DM, % 94.7 94.1 93.7 
OM 92.0 91.1 90.3 
CP 20.0 19.1 18.5 
NDF 40.8 36.7 35.8 
ADF 32.8 29.6 29.0 
Ether extract 1.8 1.7 1.7 
NFC2 29.5 33.6 34.3 
Condensed tannins 0.06 0.32 0.97 
 
1AH = 100% alfalfa hay; AHBFTH = 50% AH and 50% birdsfoot trefoil 
hay (DM basis); BFTH = 100% birdsfoot trefoil hay. 
2NFC = non-fibrous carbohydrate calculated as OM – (CP + NDF + 
ether extract).   
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Table 3-2. Effect of diets replacing alfalfa hay with birdsfoot trefoil hay on ruminal 
fermentation characteristics in mixed cultures of ruminal microorganisms 
Item 
Dietary treatment1 SE P 
AH AHBFTH BFTH 
Culture pH 6.45a 6.48a 6.40b 0.036 0.01 
Methane, mmol/d 9.18 8.57 9.40 0.058 0.58 
Total VFA, mM 35.6 30.3 32.9 4.71 0.59 
Individual VFA, mol/100 mol      
Acetate (A) 66.6 66.8 66.2 3.20 0.82 
Propionate (P) 23.3 24.5 24.3 0.89 0.28 
Butyrate 
Isobutyrate 
Valerate 
Isovalerate 
4.42 
0.95 
2.68 
1.27 
3.83 
0.72 
2.91 
1.19 
5.21 
0.94 
2.86 
1.41 
1.812 
0.141 
0.660 
0.329 
0.32 
0.09 
0.63 
0.18 
A:P 2.87 2.75 2.74 0.216 0.44 
a,bMeans with different superscript differ at P < 0.05. 
1AH = 100% alfalfa hay; AHBFTH = 50% AH and 50% birdsfoot trefoil hay (DM basis); 
BFTH = 100% birdsfoot trefoil hay. 
 
         
 
53 
 
   
Table 3-3. Effect of diets replacing alfalfa hay with birdsfoot trefoil hay on digestibility 
and ammonia-N and microbial N production in mixed cultures of ruminal 
microorganisms 
Item 
Dietary treatment1 SE P 
AH AHBFTH BFTH 
NDF degradability, % 47.2 46.2 44.7 1.98 0.51 
Ammonia-N, mg/dL 22.7a 19.3b 16.4c 1.77 0.01 
Ammonia-N flow      
g/d 0.38a 0.32b 0.28c 0.029 0.01 
g/g dietary N supply 0.59a 0.53a,b 0.46b 0.048 < 0.01 
Microbial N, % 9.02 8.96 8.96 0.135 0.93 
a-cMeans with different superscript differ at P < 0.05. 
1AH = 100% alfalfa hay; AHBFTH = 50% AH and 50% birdsfoot trefoil hay (DM basis); 
BFTH = 100% birdsfoot trefoil hay. 
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CHAPTER 4 
 
TANNIN-FREE AND TANNINIFEROUS LEGUMES IN LACTATING DAIRY 
DIETS AFFECT IN VITRO RUMINAL FERMENTATION CHARACTERISTICS 
AND METHANE PRODUCTION BY MIXED RUMINAL MICROBIOTA IN 
CONTINUOUS CULTURES2
 
 
INTRODUCTION 
 
 
There have been reports of lower methane (CH4) production by ruminants consuming 
tannin-containing forage diets, determined in vitro and in vivo in cattle (Woodward et al., 
2001; Min et al., 2005) and goats (Puchala et al., 2005). Condensed tannins (CT) are 
found in various plants around the world and are secondary plant metabolites that have 
been reported to reduce CH4 production when fed to ruminants. Woodward et al. (2001) 
reported reduced CH4 production from dairy cattle and sheep fed fresh or ensiled 
birdsfoot trefoil (BFT; Lotus corniculatus L.). Methane production was completely 
inhibited when comparing big trefoil (L. pedunculatus) to alfalfa (Medicago sativa L.) in 
an in vitro batch culture of pure methanogens, suggesting direct inhibition of 
methanogens, although the exact mechanism was not clear (Tavendale et al., 2005). In 
contrast, Beauchemin et al. (2007) reported that the diet of growing beef cattle 
supplemented with up to 1.8% CT of DM extracted from Quebracho-Colorado trees had 
no effects on enteric CH4 emission or digestibility of the dietary DM. Although tannins 
hold some promise in terms of CH4 abatement, the source and optimum level of tannin 
                                                          
2Williams C. M., J.-S. Eun, J. W. MacAdam, A. J. Young, V. Fellner, and B. R. Min. 
Tannin-free and tanniniferous legumes in lactating dairy diets affect in vitro ruminal 
fermentation characteristics and methane production by mixed ruminal microbiota in 
continuous cultures. Anim. Feed Sci. Technol. (manuscript submitted) 
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need considerable refinement to ensure CH4 emission is lowered without negatively 
affecting nutrient digestion and animal performance. If established that CT can 
consistently decrease CH4 production by ruminants, there is a huge potential for the CT-
containing forages to be extensively used to enhance environmental performance of 
ruminant production. 
Feeding forages containing CT has also been reported to decrease ruminal protein 
degradation (Barry and McNabb, 1999; Min et al., 2003). Moderate levels of CT (2.0 to 
4.0% DM) bind to protein by hydrogen bonding at near neutral pH (pH 6.0 to 7.0) in the 
rumen to form CT-protein complexes, but dissociate and release bound protein at pH less 
than 3.5 in the abomasum (Barry et al., 2001). Using continuous cultures, we previously 
reported that ammonia-nitrogen (NH3-N) concentration and flow were reduced when 
replacing alfalfa hay (AH) with BFT hay added as whole hay diets (Williams et al., 
2010). These results suggest that BFT and other CT-containing forages may significantly 
improve environmental sustainability of conventional dairy operations through the 
incorporation of CT-containing forage hay into typical lactating dairy TMR diets. 
Birdsfoot trefoil and sainfoin (Onobrychis viciifolia Scop.) are both tanniniferous 
legumes. Sainfoin typically contains higher concentrations of CT at 5.0 to 8.0% DM, 
compared to 0.5 to 4.7% DM for different cultivars of BFT (Barry and McNabb, 1999; 
Scharenberg et al., 2007; Grabber, 2009). Cicer milkvetch (Astragalus cicer L.) is a 
tannin-free legume, but has a unique leaf structure that alters microbial digestion of the 
plant material. The thickness of the epidermal layer, as well as the vein structure and 
pattern, decrease the rate of digestion by rumen microbes (Lees et al., 1982). Therefore, 
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tannin-free and tanniniferous legumes may have unique ruminal fermentation patterns 
when added as main forage sources in lactation dairy diets. 
We hypothesized that in vitro CH4 and NH3-N production with tannin-containing 
legumes would differ when compared to non-tannin legumes in lactating dairy TMR 
diets. Therefore, our objective was to determine the effects of replacing AH and cicer 
milkvetch hay (CMVH) with tanniniferous legume hays in dairy TMR on ruminal 
fermentation in continuous cultures, with an emphasis on CH4 and NH3-N production. To 
our knowledge, this is the first study to evaluate the use of CMVH and CT-containing 
hay as main components of typical lactating dairy TMR diets. 
 
MATERIALS AND METHODS 
 
 
Forage Harvest, Dietary Treatments and Experimental Design 
 
Five forages as hay were used as the main forage sources in this study: 1) AH, 2) 
CMVH, 3) Norcen BFT hay (NBFTH), 4) Oberhaunstadter BFT hay (OBFTH) and 5) 
sainfoin hay (SFH). Birdsfoot trefoil cultivars ‘Norcen’ and ‘Oberhaunstadter’ and cicer 
milkvetch cultivar ‘Monarch’ were planted in 2007 and grown under irrigation at the 
Utah State University Intermountain Irrigated Pasture Project Farm in Lewiston, Utah. 
Small amounts of forage were harvested to ground level in three replicate plots on July 
15, 2009. Alfalfa was planted in 2005 and harvested from an irrigated field at the Caine 
Dairy Center, Utah State University on July 23, 2009. The sainfoin cultivar ‘Shoshone’ 
was planted in Logan, Utah in April of 2009, grown under irrigation and harvested on 
July 22, 2009.  
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Five TMR diets were formulated using the five forage sources as hay: 1) AH-based 
TMR (AHT), 2) CMVH-based TMR (CMVHT), 3) NBFTH-based TMR (NBFTHT), 4) 
OBFTH-based TMR (OBFTHT) and 5) SFH-based TMR (SFHT). The 5 forage hays 
were added at 40% DM on average, and corn silage was added at 14.8% DM (Table 4-1), 
resulting in forage to concentrate ratio of 0.55 to 0.45. The TMR diets were formulated to 
meet the nutrient requirements of a dairy cow in early lactation to produce 38 kg/d of 
milk with 3.5% fat and 3.0% true protein. All experimental diets were dried at 60°C for 2 
d and ground through a 4.0-mm screen (standard model 4, Arthur Thomas Co., 
Philadelphia, PA) for use in the fermentors. 
Dietary treatments were compared in a 5 × 5 Latin square design with five periods as 
replicates, and a fermentor in continuous cultures was considered an experimental unit. 
 
Continuous Culture Operation 
 
Ruminal fluid was collected 4 h after the morning feeding (1100 h) from 2 ruminally 
cannulated, lactating Holstein dairy cows fed a TMR composed of corn silage (22.4%), 
chopped alfalfa hay (43.2%), rolled corn grain (22.6%), and concentrate mixture (11.8%) 
on a DM basis. The diet consumed was formulated to meet the nutrient requirements of a 
dairy cow in early lactation to produce 38 kg/d of milk with 3.5% fat, and 3.0% true 
protein. Care, handling, and sampling of the donor animals used in this study were 
approved by the Utah State University Institutional Animal Care and Use Committee. 
Grab samples of ruminal contents were obtained from various locations within the 
rumen and composited. The ruminal contents were placed in sealed, preheated containers 
and transported to the lab, where the contents were strained through polyester material 
(PeCAP, pore size 355 μm; B & SH Thompson, Ville Mont-Royal, Quebec, Canada). 
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Each of five fermentors received approximately 700 mL of strained ruminal fluid under a 
stream of oxygen-free CO2. A dual flow continuous culture system based on Teather and 
Sauer (1988) was used. The overflow port of each fermentor was fitted with a glass ‘T’ 
that allows stratification of the culture contents, as described by Eun et al. (2004). A 
circulating water bath connected to the water jacket maintained the temperature of the 
culture at 39°C. A constant flow of CO2, delivered at 20 mL/min, maintained anaerobic 
fermentation conditions. Artificial saliva (Slyter et al., 1966) was delivered at a rate of 2 
mL/min using a pump (Model 323, Watson-Marlow Inc., Wilmington, MA) to maintain a 
fractional dilution rate of 10%/h. Culture contents were continuously stirred by a central 
paddle attached to an electric stirrer motor, set at a speed of 25 rpm. There were five 
experimental periods lasting for a total of 9 d each. The first 3 d of each period allowed 
for microbial adaptation to the diet, with experimental diets gradually replacing alfalfa 
hay. By d 4, all fermentors received a full experimental diet. Each fermentor received 20 
g (DM basis) of the corresponding experimental diet daily, with two equal portions being 
added to each fermentor at 0800 and 2000 h. Samples were taken on d 7 to 9. 
 
Sampling and Chemical Analyses 
 
Forages and TMR experimental diets were analyzed for DM (method 930.15), OM 
(method 985.01), and N (method 990.03) according to AOAC (2000) methods. Neutral 
detergent fiber and ADF, both inclusive of residual ash, were determined according to 
Van Soest et al. (1991) and Van Soest and Robertson (1985), respectively, with the 
methods modified for use with an ANKOM220 fiber analyzer (ANKOM Technology, 
Macedon, NY). Five hundred mg of ground (1mm screen) samples were weighed into 
nylon bags (50 μm pore size) in duplicate and placed into the fiber analyzer for 75 min 
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during NDF analysis, and subsequently for 60 min, during ADF analysis. After each 
procedure, bags were rinsed in acetone. Heat stable α-amylase and sodium sulfite were 
used in the NDF analysis. Total-N content in the microbial pellet and overflow samples 
were determined using an elemental analyzer (LECO TruSpec N, St. Joseph, MI) 
(AOAC, 2000). Total CT in forage samples and TMR experimental diets was determined 
using a butanol-HCl colorimetric procedure (Terrill et al., 1992). Forages and 
experimental diets were analyzed for total fatty acid (FA) content and FA profile 
according to the procedure of Sukhija and Palmquist (1988) and Kleinschmit et al. (2007) 
using a GLC (model 6890 series II; Hewlett Packard Co., Avandale, PA) fitted with a 
flame ionization detector. Overflow from each fermentor was collected in a sealed bottle 
that was kept on ice to prevent fermentation, and collected every 24 h on d 8 and 9 to 
determine digestibility. 
The culture pH was recorded through a pH electrode connected to a pH meter (model 
63, Jenco Instruments, Inc., San Diego, CA) every hour for 12 h on d 7 and 8. Methane 
samples were taken from the headspace gas of each fermentor at 0, 3, 6, 9, and 12 h after 
the morning feeding using a 10 μL gastight syringe (Hamilton Co., Reno, NV) and 
analyzed for CH4 with a GLC (model CP-3900, Varian, Walnut Creek, CA). Daily CH4 
output (mmol/d) was calculated as reported earlier (Jenkins et al., 2003) using the 
following equation: CH4 concentration in fermentor headspace (mmol/mL) × CO2 gas 
flow through the fermentor headspace (20 mL/min) × 60 min × 24 h. Immediately after 
CH4 sampling, 5 mL of fermentor ruminal fluid was collected, filtered, added to 1 mL of 
0.18 M sulfuric acid, and retained for NH3-N determination. Another 5 mL of ruminal 
fluid taken at 3, 6, and 9 h was added to 1 mL of 3 M meta-phosphoric acid, and samples 
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were retained for volatile fatty acid (VFA) determination. These samples were stored at 
−40°C until analyses. Concentration of NH3-N was determined as described by Rhine et 
al. (1998) using a plate reader (MRXe, Dynex Technologies, Chantilly, VA). Ruminal 
VFA were separated and quantified using a GLC (model 6890 series II) with a capillary 
column (30 m × 0.32 mm i.d., 1 μm phase thickness, Zebron ZB-FAAP, Phenomenex, 
Torrance, CA) and flame-ionization detection.  
On the final day of each experimental period, the total volume of fermentor contents 
was collected and blended using a Waring blender (Waring Products Division, New 
Hartford, CT) for 1 min. A total of 15 mL of blended ruminal fluid was collected and 
freeze-dried for fatty acid analysis. The samples were methylated (Kramer et al., 1997) 
and analyzed for long-chain FA by GLC (model CP-3380; Varian, Walnut Creek, CA). 
Fatty acid methyl esters were separated on a 100 m × 0.25 mm × 0.2 μm film thickness 
fused-silica capillary column (SP-2560, Supelco, Bellefonte, PA). Verification of peak 
identity was established by comparison of peak retention times to known standards. The 
remaining ruminal fluid was filtered through polyester material (PeCAP, pore size 355 
μm). The filtrate was centrifuged at 800 × g for 15 min at 4°C to remove solids, and then 
the supernatant fraction was centrifuged at 27,000 × g for 30 min at 4°C to obtain a 
bacterial pellet (Yang et al., 2004). The pellet was dried and ground using a ball mill 
(Mixer Mill MM2000; Retsch, Haan, Germany) to a fine powder for determination of N 
content. 
 
Statistical Analyses 
 
The data in this study were analyzed using the Proc Mixed procedure of SAS (SAS 
Institute, 2007). Dietary treatment was included as a fixed effect, with period and 
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fermentor analyzed as random effects in the model. Denominator degrees of freedom 
were estimated using the Kenward-Roger option. The same mixed model was used for 
variables that were repeated in time (culture pH, NH3-N, and CH4), but sampling time 
and a repeated statement were added to the model. One of three model structures was 
used depending on the finite-sample corrected Akaike’s information criterion value for 
data that best fit the model. The structures were unstructured and compound symmetry 
(UN@CS), unstructured and first-order autoregressive (UN@AR (1)), and unstructured 
and unstructured (UN@UN) variance-covariance structure. Effects were declared 
significant if P < 0.05. 
RESULTS 
 
 
Forage sources were similar in CP content, with the exception of SFH, which was 
substantially lower in CP content (Table 4-1). Contents of ADF and NDF also varied 
among forages, with AH, NBFTH and OBFTH being very similar, while CMVH and 
SFH contained lower ADF and NDF content. Condensed tannins, as anticipated, varied 
greatly between forages; AH and CMVH contained the lowest content of CT, whereas 
SFH had the highest CT content. The FA profile showed that the concentration of C18:3 
was greater in CMVH, NBFTH and OBFTH than in AH and SFH, whereas SFH 
contained the lowest concentration of C18:2.  
Content of CP was similar across dietary TMR treatments (Table 4-2). Contents of 
ADF and NDF were reduced in the SFHT due to low fiber content of SFH. Content of CT 
in TMR had a similar pattern as in the legume forages, with the AHT and the CMVHT 
lowest and the SFHT highest. In addition, FA composition in dietary treatments followed 
a similar pattern as that of the legume forages (Table 4-3). 
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Culture pH was highest in the fermentor offered the SFHT, decreased by the 
NBFTHT, the OBFTHT and the AHT and further decreased by the CMVHT (Table 4-4). 
However, the culture pH was above 6.19 for all dietary treatments, which would not 
negatively affect ruminal fermentation. Total VFA production was not affected by dietary 
treatment. Molar proportions of acetate were similar among dietary treatments, whereas 
fermentors offered the CMVHT had increased propionate proportion, but the SFHT 
decreased propionate proportion when compared to the AHT. Decreased butyrate 
proportion was observed when feeding the CMVHT. Dietary treatment did not influence 
branched-chain FA except valerate, which was highest with the NBFTHT. Acetate to 
propionate ratio was highest with the SFHT and lowest with the CMVHT. 
Digestibilities of DM, OM and NDF were not influenced by dietary treatments (Table 
4-5). Methane production per day was the greatest in the fermentor receiving the AHT, 
and was reduced by the remaining 4 treatments. However, CH4 production expressed as 
mM per g of NDF digested was only reduced by the CMVHT and the OBFTHT. The 
fermentor receiving the CMVHT exhibited decreased NH3-N concentration and flow, and 
the NH3-N concentration and flow was further reduced in the fermentor receiving the 
SFHT. Microbial N content was lower in the NBFTHT compared to other treatments.  
While concentration of C18:0 was decreased by the CMVHT compared to other 
treatments, C18:1 cis and trans isomers were greatest with the CMVHT (Table 4-6). 
When compared to the AHT, C18:2 was reduced in cultures by the NBFTHT and the 
OBFTHT. The fermentor that received the SFHT greatly increased C18:3 compared to 
other treatments. 
DISCUSSION 
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Characteristics of Forages and Experimental Diets 
 
The forage legumes BFT, sainfoin and cicer milkvetch are all well-adapted to the 
northern Intermountain West. Birdsfoot trefoil is persistent (MacAdam and Griggs, 2006) 
and its growth is unusually robust (Beuselinck et al., 2005) in the cool, dry, high-pH soils 
of the northern Intermountain West. Current varieties of cicer milkvetch (Townsend 
1980; 1994) and sainfoin (Gray et al., 2006) were developed in the West. The type and 
moderate content of CT in BFT (Marley et al., 2006; Abberton et al., 2008) increase milk 
production (Woodward et al., 1999) while making BFT a bloat-free legume (Min et al., 
2006). Sainfoin has an even higher tannin content that is clearly useful for suppression of 
parasites (Häring et al., 2008) and potentially able to increase ruminant production when 
fed as hay or silage (Scharenberg et al., 2007). 
McGraw and Marten (1986) determined seasonal change in forage DM, CP and in 
vitro digestible DM (IVDDM) of AH, BFTH, CMVH and SFH in Minnesota. Dry matter 
production in spring (10 May through 28 June) was highest for SFH (8.51 Mg/ha) while 
the three other species averaged 6.72 Mg/ha, and did not differ from one another. Mean 
IVDDM was 61.8, 64.1, 67.6, and 59.6% DM for the 4 species, respectively, and means 
differed from one another. The CP of AH was highest at 17.2% DM, and SFH lowest at 
12.6%; BFTH (at 16.5%) and CMVH (at 14.5%) were intermediate on CP ranking. These 
CP levels are similar in ranking to ours with the exception of Oberhaunstadter BFT. 
 
 Effects of CT-Free and CT-Containing Forages  
 on Ruminal Fermentation 
 
Total VFA concentration was not affected by dietary treatment in the current study. 
However, changes in acetate to propionate ratio were observed when feeding the 
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CMVHT, the NBFTHT and the OBFTHT. Bhatta et al. (2009) reported an increase in 
propionate production when supplementing CT. The acetate to propionate ratio also 
decreased when feeding a tannin-containing forage or tannin extract in a rumen 
simulation technique system (Khiaosa-Ard et al., 2009). This change in VFA production 
is consistent with results in the current study when feeding the NBFTHT and the 
OBFTHT. The effects of CT on ruminal VFA concentration and composition have been 
variable among studies depending on the dosage and the source of CT. Beauchemin et al. 
(2007) reported that increasing the levels of Quebracho tannins up to 2.0% DM tended (P 
= 0.08) to decrease ruminal total VFA concentration, and decreased the acetate to 
propionate ratio. In contrast, Carulla et al. (2005) reported that total VFA concentration 
was not changed, but molar proportion of propionate increased in sheep fed CT extracted 
from Acacia mearnsii. In general, molar ratios of the principal VFA are not changed 
(Waghorn and Shelton, 1997; Puchala et al., 2005), but their concentrations in rumen 
liquor are often reduced. This is probably the result of a larger rumen pool size and a 
lower rate of VFA production due to a slower rate of fiber digestion (Waghorn et al., 
1994). 
Despite the CT content being highest in the SFHT (3.88% DM), feeding the SFHT 
did not affect propionate proportion. Rather, feeding the SFHT resulted in the highest 
acetate to propionate ratio. This observation is in contrast to previous studies that 
reported a decrease in the acetate to propionate ratio when feeding sainfoin (Dahlberg et 
al., 1988; Khiaosa-Ard et al., 2009). Results in the current study when feeding the SFHT 
on VFA profiles is likely to be related to dietary composition, but not CT per se. Due to 
the low CP content of SFH, soybean meal was added to the SFHT to offset the low CP 
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content of the SFH, resulting in isonitrogenous diets across treatments, but this reduced 
the dietary content of corn grain in the SFHT. We sizably increased the dietary 
proportion of beef pulp (15.7% DM) in the SFHT to maintain a similar level of fiber 
compared to other treatments, but dietary contents of ADF and NDF in the SFHT were 
noticeably lower because of low fiber contents of SFH. Therefore, a low dietary 
proportion of corn grain may inhibit potential effects of CT in SFH on VFA composition, 
and the different dietary composition may explain the lack of effects of the SFHT on 
VFA profiles in spite of the high CT content of the SFHT. 
The concept of using CT-containing forages to protect protein from degradation in the 
rumen is sound only as long as CT do not interfere with other ruminal activities. In the 
current study, we did not detect any negative impacts of feeding CT-containing diets on 
culture pH, VFA production and digestibilities of DM and NDF. In an in vitro experiment 
in which BFT containing 1.0 or 5.0% CT DM was incubated in ruminal fluid, production 
of gas and VFA and DM digestibility were lower with the high tannin forage (Chiquette 
et al., 1988). McAllister et al. (1994a) showed that CT caused detachment of bacteria 
from cellulose fiber and reduced fiber digestion by inhibiting fibrolytic enzymes. On the 
other hand, Waghorn et al. (1990) observed reductions in DM digestibility in vivo when 
forages containing over 5.0% CT DM was fed. Therefore, the CT contents of dietary 
treatments assessed in this study may be under the threshold needed to cause negative 
effects on ruminal fermentation and digestion.  
The effects of CT on ruminal N metabolism have been well documented (Min et al., 
2003; Carulla et al., 2005; Waghorn, 2008). A reduction in NH3-N concentration (27.8%) 
and flow (26.3%) was observed when comparing birdsfoot trefoil hay to AH in 
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continuous cultures receiving whole hay diets (Williams et al., 2010). In contrast, 2 diets 
containing BFT in this study (the NBFTHT and the OBFTHT) did not affect NH3-N 
concentration and flow. These contrasting results may have resulted from different CT 
contents between the two studies (0.97 vs. 0.38 or 0.74% CT DM, respectively). 
Similarly, John and Lancashire (1981) tested BFT cultivars ‘Empire’ and ‘Maitland’, 
containing low (0.25% CT DM) and high (1.45% CT DM) levels of CT, respectively, fed 
to sheep. The high CT cultivar had greater N binding effects in the rumen, and reduced 
NH3-N concentration in the rumen (John and Lancashire, 1981). Dahlberg et al. (1988) 
noted differences in NH3-N concentration in continuous culture fermentors receiving 
alfalfa, cicer milkvetch, BFT or sainfoin as components of high forage TMR diet. The 
authors reported the greatest NH3-N production from the diet containing birdsfoot trefoil, 
followed by alfalfa, cicer milkvetch and finally sainfoin (Dahlberg et al., 1988), 
suggesting that CT content of the birdsfoot trefoil diet may have been too low to elicit a 
response.  
The reduction in NH3-N concentration and flow by the SFTH is notable. The SFHT 
contained the greatest amount of CT among the dietary treatments, which may have 
resulted in increased N binding effects. McAllister et al. (1994b) showed that sainfoin CT 
readily formed complexes with plant protein. Also, the tannin structures of CT found in 
SFH and BFTH may potentially react differently when mixed with other ingredients in 
TMR diets. Proteolytic activity in ruminal fluid is accomplished primarily by bacteria 
(Kopecny and Wallace, 1982). Four species (Ruminobacter amylophilus, Prevotella 
ruminicola, Streptococcus bovis, and Butyrivibrio fibrisolvens) predominate, although 
numerous other species exhibit minor proteolytic activity (Wallace and Brammall, 1985). 
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Sainfoin CT reduced total protease activity in these species in vitro (Jones et al., 1994), 
but was least inhibitory to bacterial cellulolysis among CT isolated from various plants 
(McAllister et al., 1994b). McMahon et al. (1999) reported that sainfoin did not affect 
total or cellulolytic bacterial numbers, but xylanase activity tended to decrease (P = 0.15), 
and protease and endoglucanase activities decreased with increasing dietary proportion of 
sainfoin. 
In dietary FA profiles in our study, C18:2 was numerically similar among treatment 
diets, but C18:3 was greater in all treatment diets when compared to the AHT. Tannins 
were shown to inhibit B. fibrisolvens (Jones et al., 1994), one of the bacterial species 
known to be a major microbial species involved in ruminal biohydrogenation. Thus, an 
influence of CT on ruminal lipid metabolism and, therefore, FA profile of ruminant food 
sources could be expected (Khiaosa-Ard et al., 2009). The SFHT had greater C18:3, but 
did not seem to affect ruminal biohydrogenation, because C18:0 and C18:1 cis and trans 
were similar to other diets except the CMVHT. On the other hand, the CMVHT revealed 
very interesting patterns of ruminal FA profile; it had no effect on inhibiting C18:3 
biohydrogenation, because ruminal C18:3 concentration was similar to other diets except 
the SFHT, but there was a remarkable decrease in C18:0 and an increase in the 
intermediates, C18:1 cis and trans. The source of C18:1 cis and trans could be either 
C18:3 or C18:2, but clearly the terminal step in biohydrogenation was inhibited with the 
CMVHT. It is unclear if the changes in biohydrogenation were the result of a protective 
action of plant cell or cell wall component in cicer milkvetch. Although it is not known 
how the CMVHT increased C18:1 trans, its elevation as the precursor of cis-9, trans-11 
conjugated linoleic acid formed in body tissue and mammary gland is probably favorable 
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from a human health point of view. Feeding BFT-based diets exerted minor impacts on 
ruminal FA profiles. 
 
Effects of CT-Free and CT-Containing Forages  
on Ruminal CH4 Production 
 
When compared to the AHT, all dietary treatments were effective in decreasing CH4 
production in cultures of our study. Condensed tannin-containing legumes have been 
extensively investigated for their ability to inhibit ruminal CH4 production. Yet, 
mechanisms for CT inhibition of methanogenesis are largely hypothetical. However, in 
the CMVHT, the NBFTHT and the OBFTHT treatments, the reduction in 
methanogenesis can be attributed to indirect effects by reduced H2 production due to 
shifts in microbial populations evidenced by decreased acetate to propionate ratios. 
Ruminal VFA and CH4 production in vitro correlate strongly with the acetate to 
propionate ratio, which is dependent on pH and substrate (Russell, 1998). The strong 
inverse relationship between the molar proportion of propionate and CH4 production can 
be predicted from knowledge of interactions among ruminal microbial populations. 
Compounds that promote higher production of propionate in the rumen may also decrease 
CH4 production (Tavendale et al., 2005). The mechanism whereby feeding the SFHT 
decreased CH4 is difficult to explain. For the case in which acetate to propionate was 
greatest, it is probable that at least some of the decrease in CH4 production was related to 
direct inhibition of methanogens. Tavendale et al. (2005) reported that a polymeric CT 
fraction from big trefoil completely inhibited CH4 production. Waghorn et al. (2002) 
have attributed 16% reductions in CH4 output to the direct action of CT. In addition, with 
the exception of the SFHT, dietary treatments in the current study were similar in NDF 
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content and exhibited similar NDF digestibility, suggesting the reduction of CH4 may be 
a direct function of CT in the SFHT. Because there were numerical differences in NDF 
digestibility in this study, only the CMVHT and the OBFTHT reduced CH4 production 
based on NDF digestibility. Tannin content in the OBFTHT was much higher when 
compared to the NBFTHT, which may explain the lack of reduction in CH4 on an NDF 
basis in the NBFTHT. 
Many differences in plant structure or biochemistry compared with alfalfa may 
contribute to the reduction in methanogenesis observed when feeding the CMVHT. The 
epidermis of alfalfa leaves detaches intact while the epidermis of cicer milkvetch leaves 
adheres to lateral veins, which reduces access to cell contents and slows the rate of 
digestion by ruminal microbes (Lees et al., 1982). In CMVH, while digestibility was 
high, CP was low compared with AH (McGraw and Marten, 1986), and the high IVDDM 
of both BFTH and CMVH compared with AH was due to the higher digestibility of 
stems. Furthermore, Weimer (1993; 1998) reported that ruminal cellulose fermentation 
was inhibited by an arabinogalactan protein found in CMVH which prevents cellulolytic 
bacteria from adhering to cellulose. While we did not observe any negative impacts of 
feeding the CMVHT on VFA production and NDF digestibility, it reduced CH4 
production. Further research is needed to determine the mechanism for the CH4 reduction 
by CMVH in the rumen.     
 
CONCLUSIONS 
 
 
The CT-free and CT-containing forages assessed contained a range of CT content, 
and they differed in their effects on in vitro ruminal fermentation, particularly CH4 and 
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NH3-N production when used as main forage sources in typical lactating dairy TMR. On 
the basis of fiber digestibility, cicer milkvetch and Oberhaunstadter BFT resulted in 
sizable decreases in CH4 production. In addition, sainfoin decreased CH4 production, 
although its effects on the basis of NDF digestibility did not differ from AH. None of the 
three treatments inhibited in vitro ruminal fermentation. There have been many 
approaches proposed to reduce enteric CH4 emissions from cattle in forage-based 
production systems. The CT-free and CT-containing forages tested in our study have the 
potential to improve feed utilization efficiency for animal performance compared with 
AH-based diets, and to mitigate CH4 emissions when used as main forage sources in 
lactating dairy diets. Further studies are needed to characterize how in vitro fermentation 
changes will affect nutrient utilization and environmental performance of lactating dairy 
cows fed the beneficial legumes. 
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Table 4-1. Chemical composition of forages used in dietary treatments provided to the 
continuous cultures 
Item 
Forage1 
AH CMVH NBFTH OBFTH SFH 
DM, % 95.0 92.7 93.5 94.2 94.4 
OM, % DM  87.2 85.2 84.9 87.4 93.2 
CP, % DM 23.2 21.5 23.3 20.2 13.4 
ADF, % DM 28.9 24.6 27.5 28.5 24.0 
NDF, % DM 35.5 29.9 33.6 34.6 30.3 
Ether extract 1.50 1.98 1.57 1.77 1.76 
Condensed tannins 0.52 0.45 0.77 0.99 4.85 
Fatty acids2      
C16:0 28.8 22.9 27.6 26.2 28.5 
C18:0 0.22 0.23 0.22 0.27 0.52 
C18:1 cis-9 2.72 2.74 2.28 1.75 6.50 
C18:1 trans-9 5.19 3.56 3.11 2.74 5.04 
C18:2 18.5 13.1 16.7 15.6 10.8 
C18:3 35.9 49.0 42.9 44.9 37.9 
C20:0 1.09 2.08 0.92 1.44 2.49 
1AH = alfalfa hay; CMVH = cicer milkvetch hay; NBFTH = Norcen birdsfoot           
trefoil hay; OBFTH = Oberhaunstadter birdsfoot trefoil hay; SFH = sainfoin hay. 
2Fatty acid composition was expressed as g/100 g FA methyl esters. 
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Table 4-2. Ingredient and chemical compositions of dietary treatments provided to the 
continuous cultures 
 Dietary treatment1 
AHT CMVHT NBFTHT OBFTHT SFHT 
Ingredient, % DM      
Alfalfa hay 39.7 - - - - 
Cicer milkvetch hay - 39.8 - - - 
NBFT2 hay - - 40.1 - - 
OBFT3 hay - - - 39.8 - 
Sainfoin hay - - - - 40.0 
Corn silage 14.7 14.7 14.8 14.7 14.8 
Corn grain, steam flaked 24.4 19.7 22.7 20.7 8.5 
Beet pulp, pelleted  8.7 9.5 9.6 8.7 15.7 
Soybean meal, expeller - - - - 10.1 
Corn DDGS4 5.9 7.6 5.9 7.6 5.1 
Canola meal 2.4 3.0 2.4 3.0 2.0 
Wheat middlings 1.4 1.9 1.5 1.9 1.2 
Calcium carbonate 0.69 0.89 0.70 0.89 0.59 
Sodium sesquicarbonate 0.66 0.85 0.66 0.85 0.57 
Blood meal, flash dried 0.54 0.70 0.55 0.70 0.47 
Salt 0.42 0.54 0.42 0.54 0.36 
Urea 0.23 0.30 0.24 0.30 0.20 
Potassium 0.07 0.10 0.08 0.10 0.06 
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Magnesium oxide 0.03 0.04 0.03 0.04 0.02 
Vitamins and trace 
minerals5 
0.29 0.37 0.29 0.37 0.25 
Chemical composition, % DM      
DM, % 60.9 60.8 60.6 60.7 61.6 
OM 90.6 89.0 89.3 90.7 92.0 
CP 17.8 17.4 17.9 18.1 17.5 
ADF 18.5 19.6 19.2 20.6 17.0 
NDF 33.6 34.5 33.6 34.2 31.8 
Ether extract 2.86 2.56 3.07 3.29 2.25 
Condensed tannins 0.20 0.07 0.38 0.74 3.88 
NEL6, Mcal/kg  7.14 7.04 7.04 6.99 7.05 
1AHT = alfalfa hay-based TMR; CMVHT = cicer milkvetch hay-based TMR; NBFTHT 
= Norcen birdsfoot trefoil hay-based TMR; OBFTHT = Oberhaunstadter birdsfoot trefoil 
hay-based TMR; SFHT = sainfoin hay-based TMR. 
2Norcen birdsfoot trefoil. 
3Oberhaunstadter birdsfoot trefoil. 
4Dried distillers grains with solubles. 
5Formulated to contain (per kg DM): 4.75 mg of Se (from sodium selenate), 182 mg of 
Cu (from copper sulfate), 732 mg of Zn (from zinc sulfate), 10,369 IU of vitamin A , 
1,185 IU of vitamin D, 150 IU of vitamin E, and 19.6 g of Rumensin® (Elanco Animal 
Health, Greenfield, IN, USA). 
6NEL calculated according to NRC (2001) based on nutrient composition of ingredients. 
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Table 4-3. Fatty acid composition of dietary treatments provided to the continuous 
cultures 
Fatty acid1 
Dietary treatment2 
AHT CMVHT NBFTHT OBFTHT SFHT 
C16:0 19.7 23.4 18.7 18.9 22.6 
C18:0 0.32 0.69 0.36 0.42 0.61 
C18:1 cis 22.1 18.1 21.1 20.7 19.2 
C18:1 trans 3.14 2.56 2.39 2.23 2.96 
C18:2 42.7 35.7 42.4 41.0 38.7 
C18:3 9.20 16.6 12.4 14.1 12.0 
C20:0 0.48 0.53 0.44 0.57 1.00 
 
1Expressed as g/100 g fatty acid methyl esters. 
2AHT = alfalfa hay-based TMR; CMVHT = cicer milkvetch hay-based TMR;           
NBFTHT = Norcen birdsfoot trefoil hay-based TMR; OBFTHT = Oberhaunstadter 
birdsfoot trefoil hay-based TMR; SFHT = sainfoin hay-based TMR. 
 
 
 
 
 
 
80 
 
   
Table 4-4. Culture pH and VFA profiles in continuous cultures receiving lactating dairy 
TMR diets containing different forage sources 
 Dietary treatment1 SEM P 
AHT CMVHT NBFTHT OBFTHT SFHT 
Culture pH 6.21b,c 6.19c 6.26b 6.26b 6.33a 0.044 < 0.01 
Total VFA, mM 42.3 42.8 39.0 39.9 37.6 4.28 0.54 
Individual VFA2        
Acetate (A) 49.8 47.0 49.1 48.8 47.4 4.07 0.78 
Propionate (P) 27.3b,c 31.8a 28.1a,b 29.6a,b 23.5c 2.44 < 0.01 
Butyrate 8.16a 5.13b 8.93a 7.53a 7.75a 0.687 < 0.01 
Valerate 2.05a,b 1.67b 2.49a 1.96b 1.59b 0.347 < 0.01 
Isobutyrate 6.04 7.03 5.33 5.78 9.67 3.695 0.38 
Isovalerate 6.57 7.40 5.97 6.31 10.1 3.505 0.40 
A:P 1.83b 1.49d 1.74b,c 1.65c 2.02a 0.045 < 0.01 
a-dMeans within a row followed by different letters differ at P < 0.05. 
1AHT = alfalfa hay-based TMR; CMVHT = cicer milkvetch hay-based TMR; NBFTHT 
= Norcen birdsfoot trefoil hay-based TMR; OBFTHT = Oberhaunstadter birdsfoot trefoil 
hay-based TMR; SFHT = sainfoin hay-based TMR. 
2Expressed as mol/100 mol. 
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Table 4-5. Digestibility of DM and nutrients and production of methane (CH4) and 
ammonia-N (NH3-N) in continuous cultures receiving lactating dairy TMR diets 
containing different forage sources 
 Dietary treatment1 SEM P 
AHT CMVHT NBFTHT OBFTHT SFHT 
Digestibility, %        
DM 54.0 63.8 58.5 57.6 61.2 6.89 0.31 
OM  50.0 59.9 54.4 53.9 58.5 7.48 0.34 
NDF  34.3 40.1 38.5 37.0 39.5 3.67 0.75 
CH4 production        
mM/d 9.02a 7.47b 7.32b 7.61b 8.08b 0.409 0.01 
mM/g NDF digested 3.47a 2.97b,c 3.15a,b 2.77c 3.24a,b 0.153 0.03 
NH3-N, mg/dL 12.6a 10.6b 12.4a 12.4a 8.17c 0.284 < 0.01 
NH3-N flow, g/d 0.21a 0.18b 0.21a 0.21a 0.14c 0.004 < 0.01 
Microbial N, % DM 9.10a,b 8.95b,c 8.82c 9.22a 9.21a 0.885 0.01 
a-cMeans within a row followed by different letters differ at P < 0.05. 
1AHT = alfalfa hay-based TMR; CMVHT = cicer milkvetch hay-based TMR; NBFTHT 
= Norcen birdsfoot trefoil hay-based TMR; OBFTHT = Oberhaunstadter birdsfoot trefoil 
hay-based TMR; SFHT = sainfoin hay-based TMR. 
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Table 4-6. Ruminal fatty acid profiles in continuous cultures receiving lactating dairy 
TMR diets containing different forage sources 
Fatty acid1 
Dietary treatment2 SEM P 
AHT CMVHT NBFTHT OBFTHT SFHT 
C16:0 20.1 18.9 19.1 18.6 20.4 0.827 0.51 
C18:0 21.7a,b 11.0c 27.3a 24.0a,b 18.3b 2.00 < 0.01 
C18:1 cis 13.8b 17.3a 10.8c 13.9b 12.6b,c 1.06 < 0.01 
C18:1 trans 13.1b 25.9a 15.0b 14.5b 17.7b 1.84 < 0.01 
C18:2 21.9a 21.0a,b 18.2b 18.3b 19.4a,b 2.05 0.04 
C18:3 0.72b 1.45b 1.66b 1.97b 5.13a 1.121 0.02 
a-cMeans within a row followed by different letters differ at P < 0.05. 
1Expressed as g/100 g fatty acid methyl esters. 
2AHT = alfalfa hay-based TMR; CMVHT = cicer milkvetch hay-based TMR; NBFTHT 
= Norcen birdsfoot trefoil hay-based TMR; OBFTHT = Oberhaunstadter birdsfoot trefoil 
hay-based TMR; SFHT = sainfoin hay-based TMR. 
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CHAPTER 5 
 
SUMMARY 
 
 
Continuous culture methodology has been widely used as a means to evaluate the 
effects of nutrients on the metabolism of microbes maintained under controlled 
conditions of turnover rate and nutrient intake. Continuous culture fermentation is an 
“open” system in which a well-mixed culture is continuously provided with fresh 
nutrients, and various samples can be repeatedly taken as long as the culture is 
maintained. Thus, the continuous culture system is an ideal methodology to investigate 
fermentation characteristics of forages and TMR diets at various physiological 
conditions. Two continuous culture studies were performed to assess the effects of 
condensed tannin-containing forages on ruminal fermentation. Specific emphasis was 
placed on production of methane (CH4) and ammonia-nitrogen (NH3-N) and the potential 
of these forages to improve environmental sustainability of dairy operations.  
In Chapter 3, 100% forage diets were offered to continuous culture fermentors. The 
treatments consisted of: 1) 100% alfalfa hay (AH), 2) 50% AH and 50% BFT hay (dry 
matter basis; AHBFTH), and 3) 100% BFT hay (BFTH). No effects were found on CH4 
production, VFA production and profile, and digestibilities of OM and NDF. There was, 
however, a decrease in NH3-N concentration in the fermentor offered the AHBFTH, 
which was further reduced by the BFTH when compared to the AH. Feeding the BFTH 
also reduced NH3-N flow when expressed as g NH3-N per g dietary N supply compared 
to the AH.  
In Chapter 4, CT-containing forages were incorporated into typical lactating dairy 
TMR diets to provide 40% of TMR DM. These dietary treatments consisted of: 1) AH-
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based TMR (AHT), 2) CMVH-based TMR (CMVHT), 3) NBFTH-based TMR 
(NBFTHT), 4) OBFTH-based TMR (OBFTHT), and 5) SFH-based TMR (SFHT). 
Total VFA concentrations and molar proportions of acetate were not influenced by 
dietary treatment. However, molar proportions of propionate were increased by the 
CMVHT and decreased by the SFHT when compared to the AHT. Acetate to propionate 
ratio decreased with the CMVHT and the OBFTHT, but increased with the SFHT when 
compared to the AHT. Methane production was reduced by all dietary treatments when 
compared to the AHT. Yet, when expressed as mM per g of NDF digested, CH4 was only 
decreased by the CMVHT and the SFHT. Concentration and flow of NH3-N were 
decreased in fermentors offered the CMVHT and the SFHT, although no effects were 
observed when comparing the NBFTHT and the OBFTHT to the AHT. Digestibilities of 
DM, OM, and NDF were not affected by dietary treatments. Feeding the CMVHT 
decreased C18:0, while increasing C18:1 cis and trans isomers when compared to the 
other dietary treatments.  
The results of these continuous cultures studies exhibit the ability of CT-containing 
forages to alter ruminal fermentation and possibly improve environmental performance of 
dairy cattle. Increased N utilization and decreased CH4 production were observed when 
feeding CT-containing forages and CMV, with little or no negative impacts on microbial 
metabolism. However, very little research has been done on the feeding value of these 
forages as hay and their incorporation into typical dairy TMR in vivo. Although these 
forages have shown great potential in continuous cultures to positively affect ruminal 
fermentation and improve nutrient utilization by reducing unproductive nutrient outputs 
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(NH3-N and CH4 production), more research is needed to accurately assess the impacts of 
these forages when fed to dairy cattle. 
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